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ABSTRACT 
 
Sampling of airborne dust in industry is influenced by the potential health effects 
associated with human exposure.  Health effects depend on mass concentration and particle size 
which influences the site of pulmonary deposition. Occupational diseases tend to be associated 
with dust deposition in specific regions of the respiratory tract.  The ACGIH size selective TLVs 
are expressed in three forms: Inhalable Particulate Matter, Thoracic Particulate Matter, and 
Respirable Particulate Matter.  In pneuomoconioses, the amount of dust deposited in the lungs 
can be estimated by sampling the respirable fraction.  Dose-response relationships are derived by 
relating the health experience of workers to the extent of their exposure to respirable dust. It can 
be readily seen that validity of these relationships depends primarily on the accuracy of 
estimation of the exposure dose. 
Different sampling techniques, such as impactors, horizontal elutriators and cyclones 
were used for decades to estimate the exposure to respirable dusts. Cyclones have been the most 
widely utilized.  However, the performance curve of the cyclone is considerably different from 
observed dust deposition data in the human alveolar compartment.  Current methods of 
measuring respirable dust overestimate that dust fraction, which results in underestimating the 
agent’s toxicity in dose-response relationships.   
In this investigation, a new concept for sampling respirable dust was proposed and 
validated.  The goal of this study was to design a combined impactor/cyclone device that 
provides better estimation of the amount of respirable dust.  The objectives of this study were: 1) 
 vii 
to calibrate ten single-stage impactors previously deigned and machined by Dr. Hammad, 2) to 
obtain the collection efficiency curves of ten impactor-cyclone combinations by superimposing 
the collection efficiency curves of impactors on the well-defined cyclone efficiency curve, and 3) 
to compare the combined efficiency curves to actual human alveolar deposition data, and thus 
validate this new concept for sampling of respirable dust.  
The experiment was conducted in a 20’’x20’’x20’’ aerosol testing chamber constructed 
from aluminum with a glass window.  A LoveLace nebulizer with a nominal droplet size of 7 
micrometers was used to generate fluorescent monodisperse polystyrene latex aerosols 0.5, 1, 2, 
and 3 micrometers in diameter.  A Vilnius aerosol generator was used to generate fluorescent 
PSL dry powders 6 micrometers in diameter.  The generated aerosols were collected on 37 mm 
polyvinyl chloride filters positioned after the impactors.  Sample fluorescence was determined 
using a GloMax-Multi Jr fluorometer.  Impactor efficiencies at the various sizes were used to 
construct the collection curves of impactors.  Efficiency curves were subsequently superimposed 
on the cyclone efficiency curve to obtain the final efficiencies of the sampling devices.   
The results indicated that the cut-off diameters increased with impactor jet size.  The new 
efficiency curves of the sampling devices had similar shapes to actual alveolar deposition as 
determined experimentally in human subjects.  Actually they fell between actual alveolar 
deposition curves 2 and 4 seconds for mean residence times.  
The findings from this work can be applied to design a novel respirable dust sampler that 
provides a realistic estimate of pulmonary deposition to be used in dose- response relationships 
for the various mineral dusts encountered in general and mining industries.  The under estimation 
of the dust toxicity associated with the current sampling methodology may be one of the reasons 
for continuous lowering of the TLV and PEL for silica. 
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CHAPTER 1 
LITERATURE REVIEW 
 
1.1. Introduction 
The World Health Organization (WHO) defined dusts as solid airborne particles with size 
range from less than 1 micrometer to over 100 micrometers (WHO, 1999).  Generally speaking, 
dusts can be either naturally present or generated from industrial processes.  In industries, 
airborne dusts are considered to be occupational hazards due to their extensive adverse health 
effects on workers.  Industrial airborne dusts can be produced from various industrial operations, 
such as construction, mining, metallic processes, chemical handling, food processes as well as 
others. 
Important physical properties include size, shape, composition, density, solubility, light 
scattering, hygroscopicity, and adhesion. Among these characteristics, particle diameter is of 
utmost interest.  Because of the uncertain density and irregular shape of particles in the industrial 
environment, the aerodynamic diameter concept is used to describe the particle diameter in 
aerosol science.  Aerodynamic diameter (Da) is the diameter of a sphere with unit density that 
has the same settling velocity as the particle of interest.  The particle deposition in the human 
respiratory tract is highly dependent on its aerodynamic diameter.  Particle size affects its 
deposition and clearance, and thus plays an important role in causing illness.  Five major 
mechanisms influence particle deposition; they include interception, impaction, diffusion,  
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sedimentation, and electrostatic precipitation.  On the other hand, the three important particle 
clearance mechanisms are mucociliary clearance, bronchial movement, and phagocytosis. 
 
1.2. Respirable Dust Exposure and Dose-Response Relationship 
Respirable dust is a subgroup of inhaled particles that is able to penetrate the respiratory 
tract and reach the non-ciliated, gas exchange, alveolar region of the lung.  Among the five 
particle deposition mechanisms, diffusion is the most effective one for respirable dust deposition 
(Lippmann, Yeates, & Albert, 1980).  Based on animal experiments, Vincent classified the 
clearance of respirable dust in “slow-clearing” group and “sequestration” group (Vincent, 1995).  
Slow-clearing indicates that the deposited particles are engulfed by phagocytes, and travel out of 
the respiratory system or enter lymphatic system.  Sequestration results in permanent particle 
retention in the pulmonary space with or without phagocytosis.   
Respirable dusts are deposited deep in the lung with either long clearance time, or 
permanent retention.  Therefore occupational exposure to respirable dust may induce numerous 
adverse health effects to workers.  Pneumoconiosis is a group of lung diseases caused by 
inhalation of mineral and agricultural dusts that react with lung tissues to induce the development 
of pulmonary fibrosis.  Once the fibrotic reaction starts, the process will continue to progress 
even after cessation of exposure.  There is no current treatment available for this disease.  The 
three leading types of pneumoconiosis are asbestosis, silicosis, and coal worker’s 
pneumoconiosis.  
1.2.1. Silica and silicosis 
Silica-containing processes are of special concern due to inhalation and deposition of 
respirable dusts. It is estimated that 2.3 million U.S. workers are still potentially exposed to 
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crystalline silica (OSHA, 2013).  A total of 1,437 decedents were reported to have silicosis and 
coded as a cause of death during 2001 and 2010 (Bang et al., 2015).  Occupations with high risk 
of respirable crystalline silica exposure include mining, quarrying, rock drilling, tunneling 
operations, sandblasting, stone cutting, pottery making, road construction (Bang et al., 2015), 
foundry, ground silica, refractory brick workers, abrasive blasters are usually working with silica 
sand or other silica–containing materials (Beckett et al., 1997).  Similarly, surface coal mine 
drillers (Banks, Bauer, Castellan, & Lapp, 1983), and silica flour workers (Banks, Morring, 
Boehlecke, Althouse, & Merchant, 1981) are at high risk of developing silicosis.  Two newly 
reported groups of workers who have risk of respirable silica exposure, are countertop fabricator 
(Friedman et al., 2015) and hydraulic fracturing of gas and oil wells (Esswein, Breitenstein, 
Snawder, Kiefer, & Sieber, 2013).  
The major health effect associated with silica exposure is silicosis (Steenland & Brown, 
1995), which is a preventable fibrotic lung disease caused by inhalation of respirable crystalline 
silica dusts (Leung, Yu, & Chen, 2012; NIOSH, 2002).  There are three types of silicosis: 
chronic (exposure over10 years with low concentration), accelerated (exposure 5-10 years with 
moderate concentration), and acute silicosis (exposure a few weeks to 5 years with high 
concentration) (NIOSH, 2002).  Silicotics have been confirmed to develop tuberculosis (M. D. 
Attfield & Costello, 2004; Balmes, 1990; Cowie, 1994; Goldsmith, Beaumont, Morrin, & 
Schenker, 1995; Kleinschmidt & Churchyard, 1997; Sherson & Lander, 1990).  A survey of TB 
deaths among silicotics in the United States between 1979 and 1991 supported this association 
(Althouse, Bang, & Castellan, 1995).  Studies also showed that workers who have had long 
exposure to silica dust without developing silicosis may also be at elevated risk of developing 
TB (Cowie, 1994; Sherson & Lander, 1990).  The International Agency for Research on Cancer 
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(IARC) classified silica as a “known human carcinogen” (IARC, 1997).  Epidemiologic studies 
and data supported the association between silica exposure and lung cancer (IARC, 2012).  
Respirable silica exposure has also been associated with chronic obstructive pulmonary disease 
(COPD), which includes four interrelated disease processes: chronic bronchitis, emphysema, 
asthma, and peripheral airways disease (Hnizdo & Vallyathan, 2003; Rushton, 2007).  In 
addition, there were some case reports of autoimmune disorders and renal diseases after 
respirable silica exposure (Parks, Conrad, & Cooper, 1999; Steenland & Goldsmith, 1995).  
Several studies in different occupations potentially associated with respirable silica exposure 
reported statistically significant excesses of deaths from stomach cancer and gastric cancer 
(NIOSH, 2002).  Finally, elevated mortality risk from ischemic heart disease (IHD) was 
observed among silica-exposed workers (Weiner, Barlow, & Sjögren, 2007).  
1.2.2. Coal mine and coal workers’ pneumoconiosis 
Coal workers’ pneumoconiosis (CWP), also known as “black lung disease”, is caused by 
exposure to excessive amounts of respirable coal mine dusts (M. D. Attfield & Seixas, 1995; E. 
D. Kuempel, Smith, Attfield, & Stayner, 1997).  There are two forms of CWP, coal workers’ 
simple pneumoconiosis (CWSP) and progressive massive fibrosis (PMF) (Hurley, Alexander, 
Hazledine, Jacobsen, & Maclaren, 1987).  The simple pneumoconiosis was shown to decrease 
the pulmonary function and increase the risk of respiratory symptoms (Wang, Yu, Wong, & 
Yano, 1999).  Respirable coal dust exposure was found to impair lung function irrespective of 
the presence of pneumoconiosis (E. D. Kuempel et al., 1997; Rogan et al., 1973).  Increased risk 
of mortality from non-malignant respiratory disease was found to be associated with increased 
respirable dust exposure in British coal mines (Miller & MacCalman, 2010).  This was 
confirmed by another study that exposure to respirable coal dust was associated with increased 
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mortality from malignant and non-malignant respirable diseases (Graber, Stayner, Cohen, 
Conroy, & Attfield, 2013).  A study of 3700 coal miners in Europe concluded that infectious 
diseases, CWP, and COPD were important causes of occupational mortality with extensive coal 
mine dust exposure (Meijers, Swaen, & Slangen, 1997).  Additionally, recent study of a cohort of 
coal miners found increased risk of mortality from IHD that was associated with respirable coal 
dust exposure (Landen, Wassell, McWilliams, & Patel, 2011).  Chronic heart disease morbidity 
and mortality rate were reported to be significantly higher in coal mining areas than non-mining 
areas of Appalachia (Hendryx, 2009; Hendryx & Zullig, 2009).  
1.2.3. Dose-response relationship 
Evaluation of respirable dust concentration in the work environment is the prerequisite to 
quantify the dose of exposure.  The total dusts present in workplaces may not accurately 
represent the amount of particles deposited in each area of the respiratory tract.  Therefore, the 
American Conference of Governmental Industrial Hygienists (ACGIH) Threshold Limit Values 
(TLVs) are expressed in three fractions.  Inhalable Particulate Matter are those deposited 
anywhere in the respiratory tract; Thoracic Particulate Matter are those deposited in the lung 
airways and the gas-exchange region; and Respirable Particulate Matter for those deposited in 
the gas-exchange region.  Respirable dust is defined as the particle with aerodynamic diameter 
less than 10 micrometers and 50% cut point at 4 micrometers (ACGIH, 1999).  This definition of 
respirable dust by ACGIH is in agreement with the definitions from International Organization 
for Standardization (ISO, 1995), European Standards Organization (CEN, 1993), and 
International Commission on Radiological Protection (ICRP, 1994).  The size classification of 
respirable dust serves as an important guideline for exposure assessment, and consequently 
establishing dose-response relationship.   
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To protect workers from excessive exposure to respirable dusts, the Occupational Safety 
and Health Administration (OSHA) has established the Permissible Exposure Limit (PEL).  The 
PEL for respirable crystalline silica in general industry was previously calculated using the 
formula: 
PEL = 10 ÷ [% quartz + (% cristobalite × 2) + (% tridymite × 2) + 2]   
However, scientific evidence showed that the standard was not enough to prevent workers from 
occupational diseases including lung cancer (Finkelstein, 2000; Rice et al., 2001).  More 
evidence also showed that exposure to relatively low concentrations of crystalline silica in mixed 
dust may result in early development of pulmonary responses, including antioxidant production, 
inflammation, and fibrosis (E. Kuempel et al., 2003).  Another problem of this formula was the 
difficulty of accurately measuring the dust content, thus, the hazard of crystalline silica still 
existed (Mason & Thompson, 2010).  On June 23, 2016, OSHA has issued the final rule of 
lowering the PEL for respirable crystalline silica to 50 micrograms per cubic meter (μg/m3) for 
all industries (OSHA, 2016) in order to provide the same protection for all workers in various 
industries. 
The Mining Enforcement and Safety Administration (MESA) was established in 1973 after 
Congress Promulgated the Coal Mine Safety and Health Act of 1969.  In this Act, the PEL for 
respirable coal mine dust was established as 2 milligrams per cubic meter (mg/m3) at underground 
and surface coal mines; and 1 mg/m3 for intake air at underground mines.  The goal of this Act 
was to eliminate the complicated form PMF and reduce the rate of CWSP.  However, new cases 
still occur for both forms.  The prevalence of CWP and PMF increased between 1990s and 2000s 
among coal workers in the United States (Laney & Attfield, 2010).  Sharply increased number of 
PMF cases was reported in Kentucky during 2014 and 2015 (Blackley, 2016).  Elevated risk of 
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dying from pneumoconiosis, chronic bronchitis, and emphysema was found to be related to 
respirable coal mine dusts at or below the limit of 2 mg/m3 (E. D. Kuempel, Stayner, Attfield, & 
Buncher, 1995).  This was confirmed by Attfield and Kuempel in 2008 that respirable coal dust 
exposure increases the mortality of pneumoconiosis, nonmalignant respiratory disease (NMRD), 
and chronic airways obstruction (M. Attfield & Kuempel, 2008).  Additionally, a study of mine 
workers who had respirable dust exposure at the PEL after 1969 showed impaired pulmonary 
function and several airways obstruction symptoms (Henneberger & Attfield, 1997; Seixas, 
Robins, Attfield, & Moulton, 1992; Vallyathan et al., 2011).  With all supportive evidence, on 
August 1, 2016, the PEL for respirable coal mine dust was reduced from 2.0 mg/m3 to 1.5 mg/m3 
for underground and surface coal mines; the PEL for respirable coal mine dust was reduced from 
1.0 mg/m3 to 0.5 mg/m3 for intake air at underground mines and for miners who have evidence of 
developing pneumoconiosis (MSHA, 2014). 
 
1.3. Respirable Dust Sampling Techniques 
In contrast to the open face filters for measuring total dusts, size-selective samplers are 
used to evaluate exposure to the respirable dust concentration in workplaces.  A variety of 
personal respirable samplers are commercially available for different applications. Inertial 
sampler and gravimetric dust sampler are two types of size-selective sampler that can be used to 
measure respirable dusts.  The commonly utilized devices include elutriators, cyclones, and 
impactors.  The horizontal elutriator was used for coal mine respirable dust estimation in Britain 
and in the U.S. cyclones and impactors have been used extensively in general industry and 
mining (Ogden, Birkett, & Gibson, 1978). 
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1.3.1. Cyclone 
The cyclone is the most widely used respirable sampler in industries to determine the 
workers’ exposure level to airborne dust in the respirable range.  The major advantages of 
cyclones are low bounce and minor re-entrainment.  The principle of operation of the cyclone is 
to use centrifugal force to separate and deposit large particles on the inside wall of the cyclone. 
These particles gravitate subsequently into the “grit pot” of the cyclone. Finer particles are 
forced by the cyclone vortex to exit the device and get collected on the attached membrane filter.  
Several types of cyclones are commercially available. There are three types of cyclones 
recommended in the current National Institute of Occupational Safety and Health (NIOSH) 
respirable sampling method for silica, coal dust and particulates not otherwise regulated (PNOR). 
The air flow rate recommended for each type is designed to provide the 50% cut point (D50) at 4 
micrometers (μm). The collection criteria match the current ACGIH convention of respirable 
dust.  The three cyclones and recommended flow rates are: Higgins-Dewell (HD) cyclone with 
2.2 liters per minute (lpm), 10mm Dorr-Oliver (DO) nylon cyclone with 1.7 lpm, and aluminum 
cyclone with 2.5 lpm.   
In Britain, the Higgins and Dewell cyclone was designed to match the 1960s British 
Medical Research Council (BMRC) respirable dust curve (Higgins & Dewell, 1968).  Several 
studies for the evaluation of this cyclone have shown that the optimum flow rate was 2.2 lpm 
(David L. Bartley, Chen, Song, & Fischbach, 1994).  Some modifications of HD cyclone were 
suggested to better match other respirable dust conventions, since variability may exist among 
different brands and models.  For example, three HD-based cyclones were tested and compared.  
The results showed the D50 for both Casella plastic and BGI cyclone is 4.59μm, but it is 5.05μm 
for the Casella metal cyclone (A. Maynard & Kenny, 1995).  
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In the U.S., the concept of respirable dust sampling and the importance of utilization size-
selective samplers were discussed by Lippmann and Harris in 1962.  In their report, they 
described a two-stage sampler that consisted of a 10mm nylon cyclone followed by a filter 
holder (M Lippmann & Harris, 1962).  Since then, the 10mm DO nylon cyclone has been 
broadly used for respirable dust sampling in mining and general industry to conform the ACGIH 
criteria published at that time.  Evaluation and calibration of nylon cyclones have been widely 
investigated both under laboratory conditions (David L Bartley & Breuer, 1982; Caplan, 
Doemeny, & Sorenson, 1977; Ettinger, Partridge, & Royer, 1970; Lidén & Kenny, 1992, 1993; 
Morton Lilppmann & Chan, 1974; Seltzer, Bernaski, & Lynch, 1971; Tsai & Shih, 1995) and in 
the field (Groves, Hahne, Levine, & Schork, 1994; Tsai, Shiau, & Shih, 1999).  The 10 mm DO 
cyclone was initially designed to operate at a flow rate of 1.7 lpm.  Because ACGIH size 
classification of respirable dust was different from the BMRC before 1990s, several 
investigations were conducted to adjust the value of respirable dust collected by 10mm nylon 
cyclone to match the BMRC standard.  Tomb et al. concluded that a multiplier of 1.38 can be 
applied to DO cyclone sampling results in order for it to match the BMRC criterion (Tomb, 
Treaftis, Mundell, & Parobeck, 1973).   In 1995, NIOSH recommended the additional multiplier 
of 0.857 to the factor of 1.38.  Thus, values collected by DO cyclone sampling results were in 
agreement with International Organization for Standardization (ISO) standard (NIOSH, 1995).  
Recently, NIOSH provided a new conversion factor of 0.815 to replace the factor of 0.857 for 
compliance with ISO criterion (Page & Volkwein, 2009).  Estimated results with correction 
factor of 1.38 and 0.815 can be equivalent to the results of operating the cyclone under flow rate 
of 1.7 lpm.  Using cyclone at 1.7 lpm was reported to match current ACGIH convention, 
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consequently this flow rate was recommended by NIOSH (David L. Bartley et al., 1994; Lidén & 
Kenny, 1993; A. D. Maynard, 1993). 
However, the traditional 10mm nylon cyclones have been related to several issues.  First, 
Blackman and Lippmann found the particle accumulation on the inlet walls of the nylon cyclone 
(Blackman & Lippman, 1974).  Second, this type of cyclone was also found to be significantly 
influenced by particle electrostatic charge (Briant & Moss, 1984).  A new conductive cyclone 
with twice the internal diameter was designed and tested by Tsai et al. in 1999 to eliminate that 
problem, and more important to match the current ACGIH criteria (Tsai, Shiau, Lin, & Shih, 
1999).  Finally, a major issue associated with the nylon cyclone was related to orientation bias 
(Kar & Gautam, 1995). 
The SKC aluminum cyclone was initially designed for the BMRC standard.  A 
calibration recommended an adjustment of flow rate from 1.7 lpm to 2.5 lpm in order to conform 
to the current ACGIH criterion.  This study also found that SKC aluminum cyclone potentially 
had the highest sampling rate and sensitivity compared to HD and DO cyclones (Harper, Fang, 
Bartley, & Cohen, 1998).   
Virtual cyclones are modifications of traditional nylon cyclone, but have not been 
adopted by OSHA and ACGIH.  This type of cyclone was reported to have minimum effect of 
particle deposition and accumulation on the inside wall (Chen & Huang, 1999; Chen, Huang, 
Lin, Shih, & Jeng, 1999).  However, particles mechanisms in the vortex and the optimum aspects 
of the cyclone need further investigation.      
With reduction of the PEL for respirable dusts in workplaces, there is a need to redesign 
the cyclone for low concentration environment regardless of cyclone types.  Operating a cyclone 
at higher flow rate has been discussed.  A high flow rate cyclone with 23mm internal diameter 
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and 10.2 lpm flow rate was designed and tested to match the early BMRC standard (Cossey & 
Vaughan, 1987).  Some other high flow rate cyclones with flow rate larger than 4 lpm include 
GK2.69 (Kenny & Gussman, 1997), GK4.162, PPI 8 (SKC, Ltd) and FSP10 (Dahmann, Hartfiel, 
& Jackisch, 2001).  They have been used for low concentration sampling, short-term sampling, 
and task specific sampling.  These high flow rate cyclones are approved to provide reliable 
quantitative measurements (T. Lee, Kim, Chisholm, Slaven, & Harper, 2010; T. Lee et al., 2012; 
T. Lee, Thorpe, Cauda, & Harper, 2016; Stacey et al., 2014; Stacey, Thorpe, & Echt, 2016; 
Wang et al., 2016). 
The selection of cyclone for evaluation of workers’ exposure is dependent on several 
factors.  First, work environment is important.  Nylon cyclone is a better option for hard rock 
mines since aluminum cyclone may cause spark hazard in underground workplace (Knight & 
Moore, 1987).  Dust type is another important factor for cyclone selection.  For example, nylon 
cyclone was found to collect less wood dusts than silica dusts.  In the same research, aluminum 
cyclone was reported to collect more wood dusts than silica dusts (Sass-Kortsak, O'brien, Bozek, 
& Purdham, 1993).  Additionally, humidity may significantly affect the sampling results (Sass-
Kortsak et al., 1993).   
1.3.2. Impactors 
Impactors are another widely used particle samplers.  A jet of particle-laden air strikes 
the flat surface of impactor, the large particles with sufficient inertia are collected on the plate, 
and small particles keep moving with the airflow and exit the device.  Marple and Willeke 
discussed the theory and design of inertial impactor in detail (Virginia A Marple & Willeke, 
1976).  Marple then designed a single-stage inertial impactor with three different size nozzles to 
simulate the respirable penetration characteristics (Virgil A Marple, 1978).  The techniques 
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provided in his repot can be used to design impactors to approximate other postulated 
organizational collection curves.  Another single-stage impactor was designed to use as a 
personal sampler for coal dusts.  The purpose of this impactor was to approximate the BMRC 
and ACGIH respirable dust criteria (Virgil A Marple & McCormark, 1983).  A single-stage 
inertial impactor was tested, and it was concluded that the collection efficiency curve rose 
sharply from 0 to 100 percent (Rao & Whitby, 1978a).  The S-shape efficiency curve for 
impactor was theoretically predicted (Rader & Marple, 1985) and experimentally observed 
(Rubow, Marple, Olin, & McCawley, 1987).   
In another endeavor, low-pressure impactor was designed and calibrated for sampling 
smaller particles. The results showed no significant losses to the walls, by evaporation, or by 
particle bounce and reentrainment (Hering, Flagan, & Friedlander, 1978; Hering, Friedlander, 
Collins, & Richards, 1979).    
A cascade impactor is an instrument that consists of several stages of inertial impaction in 
series with nominally increasing efficiency. Cascade impactors were designed and tested in 
1970s to determine the particle size distribution (Carpenter & Brenchley, 1972; Carson & 
Paulus, 1974).  The Andersen Mark I and Mark II cascade impactors were released at about the 
same time.  The performance of cascade impactors have been extensively evaluated and 
modifications have been made to improve the collection efficiency.  A multi-jet cascade 
impactor was recommended by Rao and Whitby as they found that the particle bounce was very 
sensitive to jet velocity (Rao & Whitby, 1978b).  A high-volume cascade impactor (HVCI) was 
subsequently introduced.  The field test of a HVCI showed that the instrument can be used in a 
routine field operation to determine the size distribution of airborne dust (Burton, Howard, 
Penley, Ramsay, & Clark, 1973).  Another HVCI was developed to collect large quantities of 
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particle masses in a short time (Demokritou, Kavouras, Ferguson, & Koutrakis, 2002).  The 
performance of this HVCI was then tested in the field and under laboratory conditions 
(Sillanpää, Hillamo, Mäkelä, Pennanen, & Salonen, 2003).  More recently, a micro-orifice 
uniform deposit impactor (MOUDI) was designed and calibrated by Marple and his colleagues 
(Virgil A Marple, Rubow, & Behm, 1991).  The exclusive features of this design included: 1) the 
device can be used to collect small particles with a moderate pressure drop; 2) stage plates can be 
quickly changed in the field; and 3) samples can be securely stored and transported with the 
provided substrates.  Similarly, an Andersen Mark II cascade impactor was redesigned by Kerr 
that ensured well-defined aspiration efficiency and extended the range of sampling particle size 
(Kerr, Vincent, & Ramachandran, 2001).  Simulation of another modified cascade impactor 
showed that it was capable of measuring masses contained in all fractions in the workplace (Wu 
& Vincent, 2007).  However, traditional cascade impactors always have large dimensions; a 
smaller device is needed for personal sampling.  The most popular personal cascade impactor 
was original designed and described by Rubow et al. in 1987, the size distribution was found to 
be as accurate as the regular cascade impactor (Rubow et al., 1987).  Another personal sampler 
comprising a miniature cascade impactor was designed for sampling inhalable fraction aerosols 
(Gibson, Vincent, & Mark, 1987). 
Samplers with parallel impactor design, which are not as popular as cascade impactor, are 
also in use.  Five single stage impactors with different cutoff diameters were operating in 
parallel.  This design overcame the interstage loss of cascade impactor.  Another advantage of 
this sampler was that the size distribution point by any single stage was independent of other 
stages (T. C. Lee & Esmen, 1980).  SKC developed a sampler that consisted of four parallel 
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impactors.  The evaluation of this sampler showed that it was in good agreement with the 
ACGIH convention of respirable dust (Trakumas & Salter, 2009). 
Generally, traditional impactors suffer from problems related to particle bounce, particle 
shatter and overloading on the collection stage.  The development of virtual impactor resolves 
these problems.  Marple and Chien conducted the first theoretical study of virtual impactors in 
1980 (Virgil A Marple & Chien, 1980).  Their study addressed the parameters that affected large 
and small particles respectively.  The nozzle Reynolds number was found to be important for 
larger particles.  Later on, a subsequent report described in detail the important components 
needed to develop a high efficiency virtual impactor (Loo & Cork, 1988).  Three components 
were discussed in that report: 1) impaction efficiency should decrease with the angle of the 
impaction surface; 2) the matter of symmetry is important; and 3) round impactors are 
recommended in comparison to rectangular impactors.  Finally, a high-volume virtual impactor 
(HVVI), as a modification of original virtual impactor, was designed and used under flow rate of 
40 cfm (Virgil A Marple, Liu, & Burton, 1990). 
In conclusion, impactors are extensively used as particle samplers for the following 
reasons 1) the relatively easy and simple operational principles and design processes; 2) the 
ability to modify the instrument to satisfying diverse applications; 3) the ability to sample wide 
range of particle size; 4) ability to match the sampling prescribed by the various organizational 
conventions. 
 
1.4. Generation of Test Aerosols 
In the processes of calibrating size-selective samplers, generation of test aerosols is 
essential.  The ideal test aerosols should be uncoagulated and spherical.  An aerosol generator 
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should provide predictable, stable and continuous output.  Test aerosols can be generated from 
either liquid sources or dry powder sources.  The two principal methods that have been used for 
aerosol generation are dispersion and condensation.  In the dispersion method, liquids are 
sheared and powders are dispersed, then the formed particles are resuspended into the air stream 
(Dennis, 1976).  In the condensation method, particles are formed from condensation of 
supersaturated organic vapors, and this method is normally used to generate high concentration 
sub-micrometer aerosols (Hinds, 1999).  
Airborne aerosols are divided into two forms: monodisperse and polydisperse.  
Monodisperse aerosols have known and uniform size, shape, and density and a geometric 
standard deviation less than 1.2.  Thus, they are ideal for calibrations of aerosol samplers and 
particle-size measuring instrument.  Polydisperse aerosols however have wider size distribution 
with a geometric standard deviation larger than 1.2. They can be used to simulate the actual use 
of the air cleaners and respiratory protection equipment, and for physiological studies of particle 
behaviors.                      
  
1.4.1. Generation from aerosol suspensions 
The procedure that is used for the generation of droplet particles from liquid aerosol 
sources, is referred to as atomization.  The equipment used for this purpose are called atomizers.  
Based on the different types of energy applied to shear the liquid, there are five major groups of 
atomizers, including pressure atomizers, pneumatic atomizers, rotary atomizers, ultrasonic 
nebulizers, and electrostatic atomizers (Hinds, 1999).  Compressed-air nebulizers, an example of 
pneumatic atomizers, are the most commonly used generators for liquid aerosols.  Compressed-
air nebulizers use the energy from compressed air to break the liquid stream into small droplets.  
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Several models of nebulizers are available with similar operating principles.  Compressed air 
with a designated air pressure and high velocity is introduced into the nebulizer.  The low 
pressure at the compressed air exit area draw the liquid from the reservoir into the airstream.  
The liquid accelerate and break up, and finally exit the nozzle in the form of a thin filament.  The 
droplet jet spray impacts on the wall of the reservoir, and larger droplets are collected and drain 
back into the solution.  Utilization of nebulizers with liquid suspension containing solid particles 
of known size is the most common way to generate monodisperse aerosols.  Polystyrene Latex 
(PSL) Particles are normally used for this purpose.    
The LoveLace nebulizer (In-Tox Products) is used in this project to generate 
monodisperse liquid aerosols.  This nebulizer produces droplet size of 7 μm at 20 psi.  The 
LoveLace nebulizer has been used in previous investigations to calibrate impactors and cyclones 
(Briant & Moss, 1984; B. Chen, Yeh, & Cheng, 1985, 1986).  It also has been widely used in the 
evaluation of particle counters (B. Chen & Cheng, 1984; B. Chen, Cheng, & Yeh, 1984, 1985, 
1990; B. Chen, Cheng, Yeh, Bechtold, & Finch, 1991; B. Chen, Tang, & Yeh, 1990; B. Chen, 
Yeh, & Cheng, 1992; B. T. Chen, Hoover, Newton, Montaño, & Gregory, 1999; Y. Cheng, Barr, 
Marshall, & Mitchell, 1993; Y. Cheng, Keating, & Kanapilly, 1980; Schaap, Chu, Antonio, & 
Stoeber, 2010).  Other applications of the LoveLace nebulizer include investigation and 
measurement of the particle slip correction factors (Allen & Raabe, 1985; Y.-S. Cheng, Allen, 
Gallegos, Yeh, & Peterson, 1988) and PSL generation in animal experiment (James & Julia, 
2001; Kelly, Bobbitt, & Asgharian, 2001; Mautz, Kleinman, Bhalla, & Phalen, 2001; Snipes et 
al., 1996). 
Liquid aerosols also can be generated by the condensation method.  The concentrations of 
nuclei and agent vapor are controlled to facilitate condensation.  As nuclei move through the 
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condensation area, all nuclei tend to achieve the same condensation rate.  Eventually, droplets 
are formed with the same size (Hinds, 1999).  Examples of generator that employed this method 
are Sinclair-LaMer generator, Rappaport-Weinstock generator, Kerker et al. generator, and Boffa 
and Pfender generator (Dennis, 1976).      
1.4.2. Generation from aerosol powders  
The generation of test aerosols from dry powders by gaseous media is commonly referred 
to as redispersion of dry powders or dry dispersion (Dennis, 1976; Hinds, 1999).  There are two 
key advantages of using dry dispersion.  First, numerous inexpensive powder sources are 
available.  For example, pollens from different trees are good sources for monodisperse aerosols; 
Arizona road dust is ideal for generation of a polydisperse dust cloud.  Second, this method is 
usually used to generate a large quantity of output, ranging from milligrams per cubic meter to 
more than 100 grams per cubic meter (g/m3).  However, this method does have several 
limitations including agglomeration, which is the most common issue, associated with dry 
powder generators.  Smaller size powders readily form more agglomerates. In addition, 
electrostatic charges can easily build up on particles during dry dispersion, especially for 
particles containing low moisture content.  Finally, there is a limited number of commercially 
available generators. The applications of dry dispersion include air cleaner study, filters testing, 
and animal inhalation toxicology (Hinds, 1999).   
One type of dry powder generators uses a vibrator to deliver loose powders into the 
airstream, such as the NBS dust generator, which is capable of providing dusts in high 
concentration and high velocity.  The limitation of this generator is that dusts may be delivered 
with uneven concentrations.  Feeding powders to a cylinder is another method that is capable of 
producing more stable output. The Wright dust feeder is an example of this method.  It is the 
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most widely used dry powder generator.  Other models in this category are Wright II (BGI, Inc.), 
Palas RGB 1000 (Palas GmbH), and TSI 3410 (TSI, Inc.).  The third type of dry powder 
generator introduces powder in to a fluidized bed of beads to break up the agglomerates such as 
the TSI 3400 (TSI, Inc.). 
The Vilnius Aerosol Generator (VAG, CH Technologies, Inc.) is used in this study to 
generate a dry PSL aerosol.  In this instrument, vibration of a turbine causes the feeding powders 
to be delivered into high velocity air stream.  VAG has been used in the investigation of human 
deposition of glass particles (Rissler, Gudmundsson, et al., 2017; Rissler, Nicklasson, et al., 
2017); as well as animal toxicological study of lunar dusts (Scully, Lam, & James, 2013). It has 
also been utilized in a study of vacuum cleaners using Arizona road dusts (Trakumas, Willeke, 
Reponen, Grinshpun, & Friedman, 2001).  Rissler et al used the VAG in impactor testing of 
pharmaceutical micronized powder of human insulin (Rissler, Asking, & Dreyer, 2009).  
However, in this project, it is the first time to use VAG for generation PSL particles. 
Overall, both liquid aerosols and powder aerosols can be used for size-selective sampler 
calibration.  The important factors in selecting method include desired particle sizes, particle 
contents, preferred output concentration, testing system, cost, sampling media, and finally the 
analytical methods to be used for measuring aerosol concentration. 
 
1.5. Analytical Methods of Aerosol Samples 
The characteristics of aerosol samples are generally determined in two steps. The first by 
passing them through size-selective samplers and the second involves the determination of their 
physical and chemical properties.  The important characteristics of aerosols include particle 
mass, number concentration, shape, refractive index, elemental composition, chemical 
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composition, and size distribution (Murphy, 1986).  One way of determination of these 
properties is to pass the aerosols through a direct reading instrument and the other is to collect 
the aerosols on membrane filters for subsequent analysis. 
Direct reading instrument can provide near-real-time mass or number concentration, as 
well as size distribution.  The measurement is generally more convenient, but results in a limited 
amount of information.  Examples of direct reading instruments include condensation nuclei 
counters, electrical mobility analyzers, photometers, nephelometers, optical particle counters, 
and quartz crystal microbalance (Hinds, 1999). 
The optical particle counter Aero Trak 9310 (TSI, Inc.) is adopted in this project to 
monitor aerosol concentrations inside the testing chamber.  This instrument has also been used in 
previous studies as a reference to calibrate investigators’ particle counters with satisfactory 
measurement precisions (Sramek, Sperka, & Jankovych, 2016).  In addition, it has been used in 
several studies of indoor air quality evaluations (Fan, Si, Li, Bai, & Zhao, 2010; Fan, Si, Li, 
Gong, & Li, 2010; Noren, 2016).  Another application has been using it to test the protection 
factors for collective protection shelters (Doherty et al., 2012). 
Indirect methods for determination of particle properties require the utilization of 
membrane filters after the first collection step of an air sampler.  The particles collected on the 
filter are then transferred for subsequent evaluation.  An example of a widely accepted technique 
for measuring mass concentration and size distribution is gravimetric analysis suggested by 
NIOSH for the evaluation of crystalline silica and PNOR.  In this method, the filter is weighed 
before and after sampling by an analytical balance or an electro-balance, which should be located 
in a temperature and humidity controlled environment.  Static charges on the filter can be 
neutralized by placing the filter near alpha radiation sources, such as polonium 210, before each 
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weighing (Hinds, 1999).  Mass concentration for the sample filter can then be calculated using 
information regarding the total flow rate and duration of sampling.  
A wide range of analytical methods are available for aerosol characterization in addition 
to gravimetric analysis.  For example, particle shape and count can be examined by optical and 
electron microscopy. The optical microscope can be used to determine many physical properties 
of particles including refractive indices (Murphy, 1986).  Energy dispersive X-ray analysis can 
be performed by electron microscopy to determine particle chemical composition.  Other 
properties can be determined and identified by gas chromatography mass spectrometry (GC/MS), 
high performance liquid chromatography (HPLC), ion chromatography (IC), size exclusion 
chromatography (SEC), or capillary electrophoresis (CE) (Pöschl, 2005).  Several additional 
chemical analyses have been used to determine the particle elemental composition, including 
atomic absorption spectroscopy, x-Ray fluorescence analysis, and neutron activation (Murphy, 
1986).       
The analytical method adopted in this project is fluorometric analysis.  The measurement 
instrument used is fluorometer, which measures the Fluorescence Standard Units (FSU) of 
analytes based on their intensity, excitation and emission wavelength.  Then, sample 
concentration can be calculated from the FSU and calibration equation for the particular agent 
being measured.  Fluorometric analysis has been used in the calibration of cyclones (Ettinger, 
Partridge, & Royer, 1970; Lee, Gieseke, & Piispanen, 1985; Tsai & Shih, 1995), inertial 
impactor efficiency characteristics (Marple, 1978; Raabe, Braaten, Axelbaum, Teague, & Cahill, 
1988), and the calibration of cascade impactors (Burton, Howard, Penley, Ramsay, & Clark, 
1973; Garmise & Hickey, 2008; Rubow, Marple, Olin, & McCawley, 1987).  It also has been 
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employed in the evaluation of respirable dust monitors (Fairchild, 1982; Marple & Rubow, 1978) 
and the characterization of an aerosol chamber (Marple & Rubow, 1983).    
Many types of fluorometer are commercially available.  The specific fluorometer used in 
this project is the GloMax-Multi Jr (Promega), which is a multimode instrument that can be used 
as fluorometer, luminometer, or photometer.  Many of its fluorometer applications were applied 
in biological studies.  Additionally, this device has been applied in past studies to characterize 
environmental fluorescent particles (Tauro et al., 2013), and also in nanoparticle toxicological 
studies (Liu, Budiman, & Chen, 2014).  The GloMax-Multi Jr is a newly developed instrument.  
In this project, it is the first time that this device is used with fluorescent PSL particles.  
The selection of the appropriate analytical method depends mainly on sample 
concentrations.  More sensitive methods are generally required for low concentrations.  The 
aerosol type is another factor that needs to be considered.  Obviously, the selection of 
fluorometric analysis is applicable only when used with fluorescent particles.  Finally, the target 
parameter of the test aerosol is the key to select the proper method.  The selection of analytical 
method is important because it impacts the accuracy of the experimental results and also 
determines the selection of other ancillary parameters such as membrane filters. 
 
1.6. Purpose of the Study 
 The development of size-selective samplers for the measurement of airborne particulate 
exposures has resulted in substantial improvements in the establishment of dose-response 
relationships for risk assessment of exposure to industrial dust. While COPD results from dust 
exposure and deposition in the airways, pulmonary fibrosis is due to dust deposition and 
retention in the alveolar or gas exchange compartment. Therefore measuring the different dust 
22 
fractions is essential for evaluation of dust deposition in the various compartments of in the 
lungs. It should be noted that the results developed from dose-response relationships based on 
the respirable dust fraction does not apply to other lung diseases such as COPD (Hewett, 1991; 
Soderholm & McCawley, 1990, Seixas, Hewett, Robins, & Haney, 1995). 
The research presented in this report is focused on a critical assessment of the 
internationally accepted method used for measuring exposure to the respirable dust fraction. This 
method is currently accepted for the evaluation of occupational dust exposure and the 
establishment of exposure standards to control pulmonary fibrosis.   
Measurement of the respirable fraction of the dust cloud was adopted as the most 
practical way of estimating pulmonary deposition in the work environment. However, close 
examination of the two dust collection curves (Hinds, 1999, Figure 1.1) shows that the respirable 
fraction is not only overestimating pulmonary deposition but it also does not take into 
consideration other influencing factors such as breathing frequency, breath tidal volume, 
breathing pathway (mouth or nose), particle size distribution, and the morphology of individual’s 
respiratory tract (McCawley, 1999).    
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Figure 1.1. Over-estimation of pulmonary deposition (hashed area).  Reprinted from 
“Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles (Second 
Edition)” (p. 252), by W.C. Hinds, 1999, Place of Publication: John Wiley and Sons.  Copyright 
© 1999 by John Wiley and Sons, Inc.  Reprinted with permission. 
 
Using computer simulation, Esmen et al estimated the impacts of particle size distribution 
and breath tidal volume on lung deposition in mouth breathing mode (Esmen, Johnson, & Agron, 
2002).  The modeling results suggested that the size-selective sampling method of the respirable 
dust could lead to errors ranging from 1/10 to 10-folds with different geometric mass median 
aerodynamic particle diameter (MMAD), geometric standard deviation (GSD), and the breath 
tidal volume.  In a further study aimed to examine the misclassification rates due to sampling 
methodology (Johnson & Esmen, 2004), severe misclassification rates were also found for 
MMAD less than 1μm and 5 to 15μm; and moderate rates were found only for MMAD larger 
than 15μm.  Correction factors were suggested to apply for existing respirable sampling data to 
approximate as close as possible the true depositions when distribution data are available. 
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Furthermore, Hammad (1988) and Hammad et al (1988) called for a more rational sampling 
method for measuring the respirable fraction to correct these discrepancies. Results from the 
studies discussed above show that the penetration efficiency of the cyclone may not lead to 
accurate dose-response relationships due to over estimation of the deposited fraction. Therefore, 
a device that is capable of providing estimates closer to actual alveolar deposition is more 
desirable. It may be argued that over-estimation of alveolar deposition is equivalent to making an 
error on the safe-side but careful examination of this misconception will readily reveal that it 
would lead to under estimation of the extent of toxicity of the inhaled agent, for example, 
crystalline silica dust.  A new concept of such device was proposed by Hammad et al (1988).  
The suggested device combines the use of single stage impactor with a cyclone to provide the 
desirable estimation that is closer to actual pulmonary deposition. 
The purpose of this study is to validate this new concept of sampling respirable dust 
proposed by Hammad.  Three objectives are proposed to achieve this goal:  
First, calibrate single-stage impactors with six different jet sizes previously designed and 
machined according to Hammad’s specifications (Figure 1.2) with diameter sizes ranging from 
0.139 centimeters (cm) to 0.238cm.  
Second, determine the total collection efficiency curves of all impactors and cyclone 
combinations by superimposing the collection efficiency curve of each impactor on efficiency 
curve of the cyclone. 
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Figure 1.2. Single-stage impactors with six different jet sizes 
 
Third, compare the combined efficiency curves to actual human alveolar deposition data 
at several tidal volumes (Lippmann, et al 1980, Heyder, et al 1980), and thus validate this new 
concept for sampling of respirable dust. 
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CHAPTER 2  
METHODOLOGY 
 
2.1. Introduction 
The execution of this research project required the utilization and calibration of ten 
single-stage inertial impactors designed by Dr. Yehia Hammad and fabricated under his 
supervision.  The impactors were machined from aluminum with six different jet sizes: 0.139 (2), 
0.159 (1), 0.179 (2), 0.198 (1), 0.218 (2), and 0.238 (2) centimeters in diameter. The impactors 
were calibrated using Polystyrene Latex monodisperse aerosols in five nominal sizes: 0.49, 1.0, 
2.1, 2.9, and 6 micrometers.  The collection efficiency curve for each impactor was then applied 
to the efficiency curve for respirable dust as specified by ACGIH (Hinds, 1999).  Thus the 
complete sampling apparatus, displayed in Figure 2.1, consists of a cyclone, an impactor and 
finally a membrane filter. The resultant collection efficiency curves were then compared to lung 
deposition from human data.   
 
Figure 2.1. Complete sampling apparatus 
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2.2. Experimental Setup 
A diagram of sampling train utilized in the experiment is depicted in Figure 2.2.  Aerosol 
generators for both liquid (Love-Lace Generator) and dry aerosols (VAG Generator) were 
operated using nitrogen gas filtered through high efficiency particulate air (HEPA) filter.  The 
nitrogen output was precisely controlled by a precision pressure gauge.  For generation of liquid 
aerosols, the aerosol generator was connected to a diffusion dryer (ATI, Model 250) to control 
the humidity in aerosol cloud.  The outlet of the diffusion dryer was connected to a radioactive 
source (TSI, Model 3054) to neutralize the electrostatic charges on aerosol cloud.  The outlet of 
the neutralizer was connected to the aerosol entrance located on the top center of the test 
chamber through a brass elbow-connection.  The experimental setup is shown in Figure 2.3.  A 
VAG aerosol generator was used for dry PSL particles and it was directly connected to the 
aerosol neutralizer.  The ports on the back of the test chamber were connected to impactor 
samplers, a filter cassette for total dust and the particle counter (TSI, AeroTrak 9310) via quick 
disconnects.   
 
 
Figure 2.2. Sampling train diagram 
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Figure 2.3. Experimental setup 
 
2.2.1. Aerosol generation 
2.2.1.1. Generation of aqueous suspension of PSL 
Aqueous fluorescent PSL spheres suspension (Thermo Scientific) with nominal particle 
sizes of 0.49, 1.0, 2.1, and 2.9 micrometers were used in this project.  These PSL aerosols were 
generated by a Love-Lace nebulizer (In-Tox Products) operated at 20 pounds per square inch 
(psi) using HEPA filtered nitrogen.  The suspensions for nebulization were prepared as follows:  
for particle sizes of 0.49, 1.0, and 2.1 micrometers, 40 microliters (μl) PSL suspension was added 
to 20 milliliters (ml) ultra-purified water; for 2.9μm particles, 140μl PSL suspension was added 
to 20ml ultra-purified water.  An aliquot of 8 ml from the suspensions was added to the reservoir 
of nebulizer.  The inlet of the nebulizer was connected to the compressed gas.  The jets of the 
nebulizer were immersed into the liquid suspension at an appropriate level to ensure the correct 
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nebulization.  During the generation process, the liquid level in the reservoir decreased due to 
liquid consumption, therefore the jets were lowered periodically to obtain constant output.  Stock 
PSL suspensions were freshly prepared for each day of experiment.  
2.2.1.2. Generation of dry powders 
Dry fluorescent PSL particles (Thermo Scientific) with nominal size of 6μm were used in 
this project.  They were generated by a Vilnius Aerosol Generator (VAG, CH Technologies, 
Inc.).  The VAG assembly consisted of three main components: control unit, MicroDust pro 
monitor, and generator (Figure 2.4).  HEPA filtered compressed nitrogen was connected to the 
inlet of the generator. The “controller” port on the back of the de-aggregation unit was connected 
to the “disperser” port on the control unit.  The “CEL-712” port on the back of the control unit 
was connected to the MicroDust-pro monitor.  Another port of MicroDust-pro monitor was 
connected to the generator.  The generator outlet was connected to the inlet of radioactive source.   
 
 
Figure 2.4. The VAG assembly*.  From “Vilnius (VAG) Series” by CH Technologyes (USA), 
2018, retrieved : http://chtechusa.com/products_tag_spg_vilnius-series-vag.php.  Reprinted with 
permission. 
* From left to right: Control unit, MicroDust pro monitor, and generator (de-aggregation unit at 
the bottom). 
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PSL powder was loaded on the top of turbine inside the dust chamber, which is located in 
the de-aggregation unit. Any decrease in the output concentration indicated the necessity of 
powder reload.  The chamber was periodically reloaded with dry powders to ensure constant 
output.  The desired output range was selected as 0 to 2.5 mg/m3.  The Relative Unit Value 
(RUV) on the control unit was set up at 0.5 according to the following formula provided by the 
manufacture: 
RUV = (2.5 / Full Scale Concentration) * Desired Concentration   
 
2.2.2. Test chamber 
2.2.2.1. Design 
The chamber used in this research, shown in Figure 2.5, consisted of the following 
components: an aluminum 20” x 20” x 20” frame, the 0.125” aluminum plates used for the top 
and rear were welded to the frame while the sides and bottom were 0.25” tempered safety glass 
plates silicon glued to the frame. The front door was a removable 0.125” aluminum plate 
attached to the frame by eight welded, threaded, bolts and wing nuts. The door was sealed to the 
frame with a Neoprene foam rubber gasket. 
A Magnahelic pressure gauge was attached to the center of the door plate to measure the 
inside pressure. Four HEPA filters were attached 5” from the four corners of the top plate to 
allow filtered air to enter the chamber.  A 1 3/8 outside diameter aerosol inlet was also located in 
the center of the top plate.  Thirteen ports were drilled in the back plate and were used as 
follows: seven quick-disconnect sampling ports and four brass hose connections were located 
2.5” from the bottom for instrument air return.  Another port at the same level was used for a 
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hygrometer probe to measure the temperature and humidity inside the chamber.  In the last port, 
a hose connection was placed below the instrument return ports for the chamber exhaust. 
 
 
Figure 2.5. Diagram of the test chamber. Reprinted from “Generation and 
Characterization of Nanoaerosols Using a Portable Scanning Mobility Particle Sizer and 
Electron Microscopy” by A.J. Marty, 2014, Graduate Theses and Dissertations, p.20, Copyright 
© 2014 Adam J. Marty.  Reprinted with permission. 
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Inside the chamber, a copper manifold was installed at the bottom to pull air down 
evenly.  The manifold was constructed from four 8 inches long, one inch diameter pipes, four 90 
elbows and one T-connection, all soldered together.  Twenty five 1/16” holes were drilled 
approximately every two inches in the top of the manifold.  Four half-inch legs soldered to the 
bottom of the manifold.  The outlet of the copper manifold was connected to the chamber 
exhaust port.  Two metal screens with evenly distributed 3/16-inch holes were placed one inch 
apart and three inches from the bottom plate.  At the top, three similar metal screens, one inch 
apart, were placed so that the first top screen was two inches from the top plate. One 0.5 inch 
diameter 90° elbow was connected to each HEPA filter outlet.  The four elbows were aligned 
with the aerosol inlet.  The purpose of this design was to ensure good mixing of the aerosol and 
even distribution of the aerosol concentration in the test chamber. 
2.2.2.2. Leak testing 
Several qualitative and quantitative leak testing runs were conducted on the chamber.  
The chamber exhaust port was connected to a vacuum pump via thick rubber hose.  Aerosol inlet 
and four HEPA filter inlets on the top and all other ports on the back of the chamber were sealed.  
The rubber gasket of front plate was slightly coated with glycerin; and wing nuts were securely 
tightened by hand.  For qualitative test, positive pressure was created inside the chamber.  All 
openings, edges, and connections on the chamber were tested by soap solution.  Soap bubbles 
formed where the leakage was suspected.  The leaking spots were sealed with silicon glue.  The 
qualitative test succeeded when no soap bubbles were observed.  Then, quantitative tests were 
performed on the chamber.  A negative pressure, at four inches of water, was created in the 
chamber.  The pressure change in the chamber was recorded every minute until the pressure was 
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decreased to one inch of water.  The extent of leakage was shown to be within the acceptable 
experimental range as presented in the results section (McClellan, 1995). 
2.2.3. Sampler assembly 
On the rear side of the test chamber, one sampling port was connected to the TSI 
Aerotrak particle counter to monitor the near-real-time concentrations inside the chamber, the 
second port was connected to a three-piece 37 millimeters (mm) poly vinyl chloride (PVC) filter 
cassette for total dust measurement.  The rest of sampling ports were connected to the 
experimental impactors. A 37mm PVC filter similar to that used for total dust was installed after 
each impactor to determine impactor particles penetration.  All impactor samplers were 
connected to a brass manifold that was designed with six openings. A critical orifice was used to 
control the flow rate at 2.5lpm at each opening.  The outlet of the main line of the manifold was 
connected to a vacuum pump. 
 
2.3. Sampling Procedure 
Each set of experiments included five runs of one aerosol size for two different size 
impactors and one PVC filter cassette for total dust measurement. Any given impactor was 
connected to the same sampling port and manifold branch opening throughout the set of 
experiment.  The sampling duration time depended on the nominal size of test aerosols, but it 
remained the same throughout each set.  Aerosols were generated and introduced into the 
chamber for fifteen minutes before starting of sampling to ensure that the concentration reached 
equilibrium in the chamber. Equilibrium was confirmed by the TSI Aerotrak particle counter to 
monitor the near-real-time concentrations inside the chamber. 
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All impactors were tested with each size of aerosols five times.  Each time, the impactor 
penetration concentration was compared to the total dust concentration of that specific run.  Each 
impactor was tested with aerosols in five different nominal sizes (0.49μm, 1μm, 2.1μm, 2.9μm, 
and 6μm).   
 
2.4. Fluorometric Analysis 
2.4.1. Preparation of calibration curves 
The GloMax Multi Jr (Promega) instrument was used for all fluorometric analysis in this 
project. It is a multimode single-tube instrument that can be used to measure fluorescence, 
luminescence, and absorbance.  The instrument used in our laboratory was equipped with a 
factory-installed fluorescence module with three customized optical filter kits that were designed 
for the fluorescent colors of aerosols being used in this project.  Aerosols in five different sizes 
were characterized with three different fluorescent colors.  Aerosols in sizes of 0.49μm and 
2.1μm were in blue color (excitation of 412 nanometers (nm), emission of 447nm); 1μm and 
6μm were in red color (excitation of 542nm, emission of 612nm); and 2.9μm were in green color 
(excitation of 468nm, emission of 508nm).  Calibration curves and equations for each color of 
PSL spheres were prepared before starting each sampling run.  The procedures of preparing 
calibrations for each color of spheres are described in detail below. Disposable screw cap 
centrifuge tubes were used to hold all stock solutions and prepared samples throughout the 
project.  
Blue PSL spheres:  
1) 1μl of blue PSL suspension of 2μm particles was added to 10ml ethyl acetate to 
prepare the stock solution #1;  
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2) 1ml of stock solution #1 was taken and placed in the tube and pure ethyl acetate was 
added to fill the tube to 10ml, to prepare the stock solution #2,  
3) Five standard solutions were prepared.  Aliquots were taken from stock solution #2 
with increasing values from 0.2ml to 1ml, and added to tubes.  Each tube was filled up to 10 ml 
with ethyl acetate;  
4) 10ml pure ethyl acetate was used as a blank;  
5) One clean 37mm PVC filter was added in blank and each standard solution prepared in 
step 3; 
6) 190μl of blank and each of the five prepared standards in step 5 was taken to measure 
the FSU.  All readings were repeated three times;  
7) Concentrations versus FSU were plotted on the chart to produce the calibration curves 
and equations.  
Similar procedure was applied for red PSL spheres as follows:  
1) 5μl of blue PSL suspension for 1μm particles was added to 10ml ethyl acetate to 
prepare the stock solution #1;  
2) 1ml of stock solution #1 was taken and filled with pure ethyl acetate to 10ml to 
prepare the stock solution #2,  
3) Six standard solutions were prepared.  Aliquots were taken from stock solution #2 with 
increasing values from 0.2ml to 3ml, and added to tubes.  Each tube was filled up to 10 ml with 
ethyl acetate;  
4) 10ml pure ethyl acetate was used as a blank;  
5) One clean 37mm PVC filter was added in blank and each standard solution prepared in 
step 3; 
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6) 190μl of blank and each of the six prepared standards in step 5 was taken to measure 
the FSU.  All readings were repeated three times;  
7) Concentrations were plotted versus FSUs on the chart to produce the calibration curves 
and equations. 
The procedure of calibration for green PSL spheres is described as follows:  
1) 2μl of blue PSL suspension for 3μm particles was added to 10ml ethyl acetate to 
prepare the stock solution #1;  
2) Seven standard solutions were prepared.  Aliquots were taken from stock solution #1 
with increasing values from 0.5ml to 5ml, and added to the tubes.  Each tube was filled up to 10 
ml with ethyl acetate;  
3) 10ml pure ethyl acetate was used as a blank;  
4) One clean 37mm PVC filter was added in blank and each standard solution prepared in 
step 2; 
5) 190μl of blank and each of the seven prepared standards in step 4 were taken to 
measure the FSU.  All readings were repeated three times;  
6) Concentrations were plotted versus FSUs on the chart to produce the calibration curves 
and equations. 
 
2.4.2. Fluorometric analysis for samples 
The aerosol concentrations for both total dust measurement and impactor penetration 
were determined by fluorometric analysis.  The analysis was performed immediately after each 
run.  For impactors, particles collected on the impactor plates were discarded (Figure 2.6); and 
only particles passing the impactor stage and collected on the subsequent PVC filter were 
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analyzed.  The analytical method is described in detail as follows:  5ml ethyl acetate was added 
to disposable screw cap plastic centrifuge tubes.  Each PVC filter was carefully transferred to 
each tube and swirled several times to fully dissolve the PSL particles into the ethyl acetate 
solution.  Then tubes were covered and set for 10 minutes.  The Glomax multi Jr was assembled 
with the specific optical filter kit according to the color of test PSL spheres, and was allowed to 
warm-up for 10 minutes.  190μl PSL-ethyl acetate solution was taken from each tube and added 
to a disposable glass mini-cell cuvette for measurement.  After measurement, mini-cells were 
stored in a clean rack; and then the measurement was repeated two more times.  Thus, three FSU 
readings were recorded for each filter.  
 
 
Figure 2.6. Single-stage impactor with glass cover slip 
 
The collection efficiency for impactors were consequently calculated in the following steps: 
1) Average FSU: 
𝐹𝑆𝑈𝑎𝑣𝑒. =
𝐹𝑆𝑈1 + 𝐹𝑆𝑈2 + 𝐹𝑆𝑈3
3
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2) The FSUave was applied to the calibration equation to obtain the concentration of analyte. 
3) Mass of total collection: 
𝑀 = 𝐶𝑎 ∗ 𝑉𝑠 
Where M is the mass of total collection, μg; 
Ca is the concentration of analyte, μg/ml;  
Vs is the liquid volume of sample, ml.  
4) Concentration of total dust or impactor samples: 
𝐶𝑠 =
𝑀
𝑄𝑠 ∗ 𝑇𝑠
 
Where Cs is the concentration of sampling for total dust or impactor, μg/l; 
Qs is the sampling flow rate, lpm; 
Ts is the sampling duration, minute. 
5) Penetration percent of impactor: 
𝑃% =
𝐶𝐼
𝐶𝑇
∗ 100% 
Where P is the penetration percent of impactor; 
CT is the sampling concentration of total dust; 
CI is the sampling concentration of impactor. 
6) Collection efficiency of impactor: 
𝐶𝐸% = 100 − 𝑃% 
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2.5. Plots of Calibrations and Sample Comparisons  
Microsoft Excel was utilized throughout the project for the purpose of plotting 
fluorometer calibration curves and sampler efficiency curves, superimposing impactor efficiency 
results on cyclone efficiency data, and comparing final results to published human deposition.   
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CHAPTER 3  
RESULTS 
 
3.1. Impactor Parameters 
Ten single-stage impactors in six different jet diameter sizes were calibrated for this 
project.  Table 3.1 lists impactor parameters for each size, including jet diameter (D), velocity 
(V0), Reynolds number (Re), and cutoff diameter at 50% efficiency (D50).  The impactors and 
their jet diameters were designed and fabricated previously by Dr. Hammad.  Other parameters 
were theoretically calculated based on the jet diameter and designed experimental flow rate (Q) 
of 2.5lpm.   
 
Table 3.1. Parameters of impactors 
Impactor 
No.  
Impactor size (D) 
cm 
Flow rate (Q) 
lpm 
Velocity (V0) 
cm/sec 
Re 
  
D50√𝑪𝒄∗ 
μm 
D50 
μm 
Imp. 54 0.139 2.5 2746 2541 1.37 1.29 
Imp. 62 0.159 2.5 2098 2221 1.67 1.59 
Imp. 70 0.179 2.5 1656 1973 2.00 1.92 
Imp. 78 0.198 2.5 1353 1784 2.32 2.25 
Imp. 85 0.218 2.5 1116 1620 2.68 2.61 
Imp. 93 0.238 2.5 937 1484 3.06 2.98 
*Cc: Slip correction factor 
  
Velocity is calculated as: 
𝑉0 =
4𝑄
𝜋𝐷2
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V0: velocity, cm/sec; 
Q: flow rate, cc/sec; 
D: jet diameter, cm. 
 Reynolds number is calculated as: 
𝑅𝑒 =
𝜌𝑉0𝐷
𝜂
 
Re: Reynolds number, dimensionless; 
ρ: density of air, g/cm3; 
η: viscosity of air, dyn.s/cm2. 
 D50√Cc is calculated as: 
𝐷50√𝐶𝑐 =  √
9𝜋𝐷3𝑆𝑇𝐾50
4𝜌𝑝𝑄
 
  STK50: Stoke number for 50% collection efficiency, 0.24 for round 
impactor; 
  ρp: density of particle, 1.06 g/cm3 for test PSL. 
 D50 is calculated as: 
𝐷50 = 𝐷50√𝐶𝑐 − 0.078 
Theoretical Impactor performance as a function of collection efficiency and aerodynamic 
diameter can be presented as shown in Figure 3.1. 
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Figure 3.1. Theoretically projected impactor performance (collection efficiency vs. aerodynamic 
diameter). 
 
3.2. Chamber Leak Testing Results 
Qualitative leak testing of the chamber was conducted at the beginning of the experiment.  
Positive pressure was provided in the chamber while every inlet and outlet was blocked.  Soap 
solution was then applied to all openings, edges, and connections.  Formation of soap bubbles 
indicated leakage.  Any place with observed bubbles was then fixed and sealed with silicone 
glue.  The qualitative test was continued until no soap bubbles were observed.  Then, quantitative 
leak test was performed.  A negative pressure, at 4 inches of water (”H2O), was created in the 
chamber.  The pressure change in the chamber was subsequently recorded every minute until the 
pressure was decreased to 1 inch of water.  The recorded data of pressure losses are listed in 
Appendix D, and the correlation between elapsed time and pressure is shown in Figure 3.2.   
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Figure 3.2. Chamber leak testing results 
 
According to this correlation curve and McClellan (1995), the change in pressure 
difference and elapsed time can be expressed as: 
𝛥𝑡 = 4.1783𝑒
−0.035𝑡 
The decay constant (k) is 0.035/min.  Thus, leak rate is calculated as: 
𝑙𝑒𝑎𝑘 𝑟𝑎𝑡𝑒 = 𝑘𝑉
𝛥
𝑃𝑎
 
    V: volume of chamber, l; 
    Δ: pressure difference,” H2O; 
    Pa: ambient pressure, ”H2O. 
The dimensions of the chamber are 20” by 20” by 20”, so the volume of the chamber is 131 
liters.  The initial pressure of chamber used for leak testing was 4”H2O and final pressure was 
k = 0.035
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1.15”H2O, thus the pressure difference (Δ) was 2.85 ”H2O.  Finally, the leak rate was calculated 
as 0.032lpm.  The total flow rate for the chamber exhaust was 80lpm; and the leak rate was 
calculated as 0.04% of the total flow rate.  Thus, the extent of leakage was shown to be within 
the acceptable experimental range, which should be less than 2% of the total flow rate 
(McClellan, 1995). 
 
3.3. Fluorometer Calibrations 
The GloMax Multi Jr (Promega) was equipped with a factory-installed florescence 
module and three customized optical filter kits that were applicable to the three fluorescent 
colors of PSL particles used for the experiment. The calibration curves and equations were 
prepared for each color of particles as described in Chapter 2 (methods).  Each prepared sample 
was measured three times, the average value of three measurements was plotted and the results 
are shown in Figure 3.3 through Figure 3.5.    
 
 
Figure 3.3. Calibration for red PSL particles 
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Figure 3.4. Calibration for green PSL particles 
 
 
Figure 3.5. Calibration for blue PSL particles 
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3.4. Preparation of Suspensions for Aerosolization  
Suspensions for aerosolization were freshly prepared in the morning of each day of 
experiment; no overnight suspension was used throughout the project.  In order to generate ideal 
aerosol cloud, which should contain uncoagulated and single spheres, empirical equation for 
calculation of dilution factor for monodisperse suspension was used as a reference (Raabe, 
1968). 
𝑌 = 𝐹(𝑑𝑣)
3exp (4.5𝑙𝑛2𝛿𝑔)
[1 − 0.5 exp(𝑙𝑛2𝛿𝑔)]
(1 − 𝑅)𝑑𝑝
3  
Y: PSL dilution factor; 
F: the volume fraction of individual particle in the original PSL suspension (0.1); 
dv: the volume median diameter of the droplet size distribution (3); 
δg; geometric standard deviation of the droplet size distribution (1.8); 
R: desired singlet ratio (0.95); 
dp: particle diameter. 
According to the dilution factor, the volume of PSL suspension and ultra-purified water, 
which were mixed to prepare suspensions for aerosolization for each size of aerosol, are listed in 
Table 3.2. 
 
Table 3.2. Volume of PSL and water used to prepare suspensions for aerosolization 
PSL particle size 
μm 
Volume of PSL 
μl 
Volume of purified water 
ml 
0.49 40 20 
1.0 40 20 
2.1 40 20 
2.9 120 20 
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3.5. Impactor Performance 
Each impactor was tested with five different sizes of aerosol.  The collection efficiency of 
impactor for each run was calculated as steps described in Chapter 2 (Methods) according to the 
FSU measurements.  The original experimental data of recorded FSU measurements and raw 
data of calculated penetration percent for each run are listed from Appendix E to Appendix I.  
The raw data were then adjusted with 0.5 Limit of Detection (LOD) (Shrivastava and Gupta, 
2011).  The penetration percent for each run after 0.5LOD adjustment is shown in Appendix J.  
Thus, collection efficiencies of impactors for each experiment are listed in Appendix K which 
were calculated as follows: 
Collection efficiency = 100% − penetration percent 
Impactor performance for each jet diameter (Figure 3.6 to Figure 3.11) is compared with 
theoretically projected collection efficiency as described in section 3.1, as a function of 
collection efficiency and aerodynamic diameter.  Table 3.3 lists the comparison of theoretically 
calculated and experimentally tested cutoff diameter at 50% efficiency for each impactor. 
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Figure 3.6. Impactor 54 performance curves 
 
 
Figure 3.7. Impactor 62 performance curves 
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Figure 3.8. Impactor 70 performance curves 
 
 
Figure 3.9. Impactor 78 performance curves 
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Figure 3.10. Impactor 85 performance curves 
 
 
Figure 3.11. Impactor 93 performance curves 
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Table 3.3. Comparison of theoretical and experimental impactor D50 
Impactor 54 62 70 78 85 93 
Theoretical D50, μm 1.29 1.59 1.92 2.25 2.61 2.98 
Experimental D50, μm 1.55 1.8 2.15 2.3 2.4 2.6/2.85 
Percent Error, % 20.16 13.21 11.98 2.22 -8.05 -12.75/-4.36 
 
3.6. Collection Efficiency of Impactor/Cyclone Combination 
The efficiency of cyclones utilized for sampling respirble dust are designed with 50% 
cutoff diameter of 4μm.  The measurement of ACGIH respirable dust is widely accepted as the 
method to estimate the dust fraction that is hazardous when deposited in the gas exchange region.  
The collection efficiency of impactor-cyclone combination can be achieved by superimposing 
the collection efficiency of each impactor from Section 3.5 on the respirable fraction curve from 
ACGIH.  The collection results for the combination sampler are shown in Figure 3.12. 
 
 
Figure 3.12. Collection efficiency of impactor/cyclone combination 
0
10
20
30
40
50
60
70
80
90
100
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
C
o
ll
ec
ti
o
n
 e
ff
ic
ie
n
cy
, 
%
Aerodynamic diameter, µm
Cyc.+ Imp. 54 (I) Cyc.+ Imp. 54 (II) Cyc.+ Imp. 62 Cyc.+ Imp. 70 (I)
Cyc.+ Imp. 70 (II) Cyc.+ Imp. 78 Cyc.+ Imp. 85 (I) Cyc.+ Imp. 85 (II)
Cyc. + Imp. 93 (I) Cyc.+ Imp. 93 (II)
52 
3.7. Comparison of Impactor/Cyclone Combination Collection and Human Deposition 
Human alveolar deposition data have been published by different laboratories.  Both New 
York (NY) laboratory (Lippmann, 1977) and Frankfurt am Main (FFM) laboratory in  
Germany (Heyder, Gebhart, and Stahlhofen, 1980) have published their alveolar deposition data, 
via mouth breathing, as a function of the aerodynamic diameter at different mean residence time 
(T) and mean flow rate (Q).  Lippmann also published alveolar deposition via nose breathing at 
tidal volume of 1100 cm3/s, and respiration frequency of 14.  In 1986, Heyder published the data 
for nose breathing at tidal volume of 250 cm3/s and respiration frequency of 15 (Heyder, et al., 
1986).  The collection efficiency of impactor-cyclone combination obtained in this project, 
compared to each set of data for different breathing Q are presented in Figure 3.13.  Figure 3.14 
shows similar information for alveolar deposition, published by Lippmann and Heyder, for 
values obtained for nose breathing. 
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Figure 3.13. Comparison of impactor/cyclone combination collection and human deposition via 
mouth breathing at different breathing flow rate Q.  Human data from Lippmann (1977) and 
Heyder, et al. (1986). 
 
 
 
Figure 3.14. Comparison of impactor/cyclone combination collection with human deposition via 
nose breathing.  Human data from Lippmann (1977) and Heyder, et al. (1986). 
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CHAPTER 4  
DISCUSSION AND CONCLUSIONS 
  
4.1. Experimental Procedure Discussion 
The results obtained during the study showed that the performance of the experimental 
components including the test chamber were successful and suitable for the used application.  
The evenness of aerosol distribution in the chamber was previously tested and verified using the 
smoke stain pattern on a white cloth (Marty, 2013).  The chamber air leak rate was tested and 
found to be about 0.04%, a value that is far less than the recommended 2% of total flow rate 
(McClellan, 1995).  The air sampling flow rate for the impactors was maintained at 2.5lpm, the 
value recommended for the SKC aluminum cyclone.  The experimental flow rates for all 
impactors were maintained within 5% of the recommended value.  Calibration curves for all 
fluorescence colors of aerosols are acceptable with correlations coefficients greater than 0.99. 
The jet size of each impactor was verified by using mechanical tools, that is comparison 
to drill bits and also by microscopy.  To ensure the validity of the performance of the impactors, 
all parts and O-rings were regularly removed and cleaned.  Impactors were connected to the 
chamber ports via quick disconnect valves.  All sampling train tube connections were kept as 
short as possible.  Black conductive Tygon tubing was used to prevent the possibility of 
electrostatic charge buildup.  Teflon tape was used at all points of metal connections to prevent 
air leaks.   
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Disposable glass cover slips coated with Silicon grease were used for collection of 
aerosol particles to prevent particle bounce and avoid over-loading.  Several types of membrane 
filters were tested for the experimental procedure.  PVC filters were best suited for utilization 
because they were the most compatible with ethyl acetate washing solution.  Disposable 
centrifugal tubes with caps were utilized for storage of samples to control evaporation of the 
ethyl acetate.     
  
4.2. Major Findings 
The repeatability of results of the impactors was tested in two ways.  First, duplicate 
impactors with identical jet diameters were available and tested for impactor 54, 70, 85, and 93.  
The results in Figures 3.6, 3.8, and 3.10 show that the performance curves for impactors with the 
same jet diameter are identical.  This comparability is also proven by the fact that the cut-off 
point at 50% (Cut-off diameter) is the same for every two impactors with the same jet size with 
the exception of impactor 93.  This similarity indicates that the experimental procedure is 
appropriate and repeatable and that the impactors were machined carefully.  On the other hand, 
the apparent difference between two impactors 93 can be explained by the fact that the large jet 
diameters are associated with low collection efficiency for the aerosol sizes of used in the 
experiment.  Thus, better results would have been obtained if sampling was conducted at a 
higher follow rate.  Obviously, these two impactors are not suitable for utilization at the 2.5lpm 
required for the SKC cyclones utilized in this experiment. 
Agreement between the theoretical and experimental cut-off diameters of the impactors 
shown in table 3.3 indicates that the impactors were well designed as well as machined with 
good precision.  In addition, the validity of this good agreement is due to two factors.  First 
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factor is the utilization of a good experimental procedure for the calibration and excellent 
execution of that procedure.  It also can be seen that the size of the aerosols selected for 
calibration was capable of providing the required results and the sought information.  Further, the 
validity of these conclusions about performance curves is proven by the fact that duplicate 
impactors of the same size is almost identical.  Another interesting result is that the percent 
difference between theoretical and experimental cut-off diameters are all below 15%.        
Human alveolar deposition data from different laboratories are displayed in figure 4.1.  
Both the NY laboratory in the United States and Frankfort laboratory in Germany published their 
human alveolar deposition data at several mean residence time “T” and flow rate “Q” via mouth 
breathing.  The data shows good agreement between two laboratories at T of 2 seconds and Q of 
750lpm and also at T of 4 seconds and Q of 250lpm.  Data for nose breathing from two 
laboratories were based on different tidal volumes and respiration frequencies.  Tidal volume 
from NY laboratory was 1100 cm3/s, and respiration frequency was 14.  Tidal volume from FFM 
laboratory was 250 cm3/s and respiration frequency of 15. 
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Figure 4.1 Human deposition from NY and FFM laboratories.  Data from Lippmann 
(1977) and Heyder, et al. (1986). 
 
As described in the purpose of the study section, performance curves for combination of 
cyclone and impactor from this project are shown in figure 3.12.  The comparison between 
combination sampler performance and published human alveolar data are also shown in figures 
3.13 and 3.14.  It is readily seen that the shape of performance curve of combination sampler is 
closer to the actual and real human deposition data when compared to the performance curve of 
cyclone alone or impactor alone.  The aerodynamic diameter at the peak collection efficiency 
increases with the jet diameter of the impactor.   
The performance of cyclone/impactor combinations numbers impactor 54, 62, 70, 78 and 
85 match to a good degree mouth breathing, estimated by both NY and FFM at T 4 seconds and 
Q 250lpm.  On the other hand, impactor 93(I) and 93(II) match to a better extent mouth 
breathing at T 2 and Q 750lpm.  
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Comparing the experimental data to mouth and nose breathing shown in figure 3.14, the 
performance of cyclone/impactor combination are more suitable as substitutes for mouth 
breathing than nose breathing.  This indicates that adjustment of the design of the impactors is 
necessary if sampling is required to match deposition via nose breathing.  
 
4.3. Study Limitations 
Due to the market availability, the impactor performance was tested only with five 
aerosol sizes.  A better definition of the sampling patterns of the impactor/cyclone performance 
curves could have been obtained if 4μm and 5μm fluorescent PSL particles were available.   
Additionally, the VAG generates large amount of aerosols, but the study was limited 
because the sizes of dry powders are limited to larger particles according to the manufacture.  
Conversely, the Lovelace nebulizer is ideal for the aerosol sizes that can be utilized for alveolar 
deposition research, but the output of this generator is quantitatively limited.  This limitation 
resulted in insufficient quantity and consistency of particle collection on the filters in certain 
sizes.  As a result the performances of the two impactor 93 with 0.238cm jet diameter were not 
identical as was obtained for the impactor 54, 70 and 85. 
Another limitation was the fact that the amount that can be collected using both the 
cyclone and impactor in series would have resulted in undetectable amounts of the aerosol on the 
filters for good quantification of collection efficiency.  To solve that problem, the collection 
efficiency of the impactors were determined first and the collection efficiency of the cyclone was 
mathematically applied to it in order to obtain the final combination efficiency of 
cyclone/impactor.  The principal of this project is to superimpose the ACGIH cyclone curve to 
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the experimental impactor curve.  A better alternative would have been obtained if a more 
sensitive quantitative method was available.  
 
4.4. Future Research 
Further research is needed to improve the results of this study.  For example, particle 
counters can be utilized if their flow rates can be manipulated according to the need of each 
aspect of the study.  The performance of a unique impactor designed and constructed by Dr. 
Hammad, which has an adjustable jet size nozzle, was investigated and evaluated by Wang in 
1994.  The results obtained from current project can be applied to size-adjustable jet diameter 
impactor.  Finally, impactor/cyclone concept can be used to design a novel sampler that is 
capable of providing sampling characteristics that are closer to human alveolar deposition 
especially when the size-adjustable impactor is adapted because it can provide better estimation 
of pulmonary deposition at different workload, and work environment. 
 
4.5. Conclusions 
The purpose of utilization of the cyclone/impactor sampling device is to provide size-
selective results that can be related to pulmonary deposition in addition to the thoracic or total 
dust sampling.  Consequently, a better evaluation of dust exposure can be obtained for the 
various dust fractions reaching different regions of human respiratory tract.  This new concept of 
dust sampling can provide more meaningful data in comparison to the current, widely accepted, 
cyclone measurement of the respirable dust fraction for assessment of worker exposure.  The 
results of this project show that utilization of the current respirable fraction is overestimating 
pulmonary deposition and consequently, underestimating the entire dose-response relationship 
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used to control lung diseases.  This deficiency can be alleviated by using the cyclone/impactor 
methodology. 
In this study, ten impactors with different jet diameters were calibrated.  Results of 
evaluation of these impactors showed that their traditional S-shape performance curves with 50% 
cut-off diameter were between 1.55μm to 2.85μm.  The experimental procedures were shown to 
be valid and repeatable.  By superimposing the impactors’ efficiencies on the ACGIH respirable 
fraction, a property that is well known and defined, the collection efficiency obtained by this 
cyclone/impactor combination closely resembles the shape of the experimental human alveolar 
deposition curves reported by the NY and German laboratories.  The cyclone/impactors are 
shown to resemble, to a great extent, the deposition curve data for mouth breathing reported from 
both laboratories.   
Moreover, the results from this study can explain, to a great extent, the continuous need 
for lowering the OSHA PEL and ACGIH TLV for respirable silica dusts because of the 
underestimation of the dose-response relationship due to oversampling of respirable dust 
exposure.  Results can also be used to design a novel sampler that combines the performances of 
cyclone and impactor, which is able to provide a more truthful measurement of alveolar 
deposition, taking into consideration different factors, such as workload, breathing pathways, and 
aerosol size distribution. 
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APPENDIX A 
LIST OF ABBREVIATIONS 
 
ACGIH American Conference of Governmental Industrial Hygienists 
BMRC British Medical Research Council 
CE capillary electrophoresis 
COPD obstructive pulmonary disease 
CWP coal workers’ pneumoconiosis 
CWSP coal workers’ simple pneumoconiosis 
DO Dorr-Oliver 
FFM Frankfurt am Main 
FSU Fluorescence Standard Units 
GC/MS gas chromatography mass spectrometry 
GSD geometric standard deviation 
HD Higgins-Dewell 
HEPA high efficiency particulate air 
HPLC high performance liquid chromatography 
HVCI high-volume cascade impactor 
HVVI high-volume virtual impactor 
IC ion chromatography 
IHD ischemic heart disease 
ISO International Organization for Standardization 
LOD Limit of Detection 
MMAD mass median aerodynamic particle diameter 
MOUDI micro-orifice uniform deposit impactor 
MSHA Mine Safety and Health Administration 
NIOSH National Institute of Occupational Safety and Health 
NMRD nonmalignant respiratory disease 
NY New York 
OSHA Occupational Safety and Health Administration 
PEL Permissible Exposure Limit 
PMF progressive massive fibrosis 
PNOR particulates not otherwise regulated 
PSL Polystyrene Latex 
RUV Relative Unit Value 
SEC size exclusion chromatography 
TLV Threshold Limit Value 
VAG Vilnius Aerosol Generator 
WHO World Health Organization 
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APPENDIX B 
LIST OF SYMBOLS 
 
”H2O Inch of water 
Ca concentration of analyte 
Cc Slip correction factor 
CE Collection efficiency of impactor 
CI sampling concentration of impactor 
cm centimeter 
Cs concentration of sampling for total dust or impactor 
CT sampling concentration of total dust 
D jet diameter 
D50 cutoff diameter at 50% efficiency 
Da Aerodynamic diameter 
dp particle diameter 
dv the volume median diameter of the droplet size distribution 
F the volume fraction of individual particle in the original PSL 
suspension 
g/m3 gram per cubic meter 
lpm liter per minute 
M mass of total collection 
mg/m3 milligram per cubic meter 
ml milliliter 
mm millimeter 
nm nanometer 
Pa ambient pressure 
P penetration percent of impactor 
psi pounds per square inch 
Q flow rate 
Qs sampling flow rate 
R desired singlet ratio 
Re Reynolds number 
STK50 Stoke number for 50% collection efficiency 
T residence time 
Ts sampling duration 
V0 velocity 
Vs liquid volume of sample 
Y PSL dilution factor 
δg geometric standard deviation of the droplet size distribution 
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APPENDIX B (CONTINUED) 
 
η viscosity of air 
μg/m3 microgram per cubic meter 
μl microliter 
μm micrometers 
ρ density of air 
ρp density of particle 
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Appendix C 
IRB Approval Letter 
 
 
  
3/30/2017 
  
Xiao Liu 
Environmental and Occupational Health 
4202 East Fowler Avenue 
Tampa, FL 33620 
 
RE: 
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Title: Validation of a new concept for measuring respirable dusts 
 
Dear Ms. Liu: 
The Institutional Review Board (IRB) has reviewed your application and determined the 
activities do not meet the definition of human subjects’ research. Therefore, this project is not 
under the purview of the USF IRB and approval is not required. If the scope of your project 
changes in the future, please contact the IRB for further guidance. 
All research activities, regardless of the level of IRB oversight, must be conducted in a manner 
that is consistent with the ethical principles of your profession. Please note that there may be 
requirements under the HIPAA Privacy Rule that apply to the information/data you will utilize. 
For further information, please contact a HIPAA Program administrator at 813-974-5638. 
We appreciate your dedication to the ethical conduct of research at the University of South 
Florida. If you have any questions regarding this matter, please call 813-974-5638. 
Sincerely, 
   
E. Verena Jorgensen, M.D., Chairperson 
USF Institutional Review Board 
79 
 
 
 
 
 
APPENDIX D 
RECORDED DATA FOR CHAMBER LEAK TESTING 
Elapsed Time, Minute  Pressure, Negative inches of water 
0 4 
1 3.9 
2 3.8 
3 3.7 
4 3.6 
5 3.5 
6 3.4 
7 3.25 
8 3.1 
9 3.05 
10 2.95 
11 2.85 
12 2.75 
13 2.7 
14 2.6 
15 2.5 
16 2.45 
17 2.35 
18 2.25 
19 2.2 
20 2.1 
21 2.05 
22 1.95 
23 1.9 
24 1.8 
25 1.75 
26 1.7 
27 1.65 
28 1.6 
29 1.5 
30 1.45 
31 1.4 
32 1.35 
33 1.2 
34 1.15 
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APPENDIX E 
ORIGINAL RECORDED DATA FOR PARTICLES OF 0.49 MICROMETERS 
 
Appendix E-1: 0.49μm, Impactor 54 and 62 
Run 1: RH=67.85%; T=64.26℉; DP=53.37℉1 
Sampler Flow rate Measurements, FSU AVG. Ana. Con.3 Weight Volume Samp. Con.4 Pene.5 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D.2 2.54 698.38 689.18 685.18 690.91 17.01 85.07 152 0.56 100 
Imp. 54 2.59 681.42 679.28 680.15 680.28 16.48 82.39 155 0.53 95 
Imp. 62 2.53 695.6 687.82 686.23 689.88 16.96 84.81 152 0.56 100 
1. RH: Relative humidity; T: Temperature; DP: Dew point. 
2. T.D.: Total dust. 
3. Ana. Con.: Analyte concentration. 
4. Samp. Con.: Sample concentration 
5. Pene.: Penetration percent 
 
Run 2: RH=58.75%; T=64.27℉; DP=49.48℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 741.88 731.41 732.81 735.37 19.26 96.29 152 0.63 100 
Imp. 54 2.62 711.41 711.70 707.98 710.36 18.00 89.98 155 0.58 92 
Imp. 62 2.59 734.6 734.19 734.83 734.54 19.22 96.08 152 0.63 100 
81 
Run 3: RH=83.87%; T=63.68℉; DP=58.68℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 640.27 639.05 645.74 641.69 14.53 72.64 152 0.48 100 
Imp. 54 2.62 628.91 633.36 631.03 631.10 13.99 69.97 155 0.45 94 
Imp. 62 2.59 666.87 667.45 665.65 666.66 15.79 78.95 152 0.52 109 
 
Run 4: RH=83.32%; T=63.98℉; DP=58.78℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 677.88 676.69 677.71 677.43 16.33 81.66 152 0.54 100 
Imp. 54 2.62 664.57 656.81 654.64 658.67 15.39 76.93 155 0.50 92 
Imp. 62 2.59 673.71 682.42 679.27 678.47 16.39 81.93 152 0.54 101 
 
Run 5: RH=83.34%; T=64.35℉; DP=59.16℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 703.84 712.35 720.64 712.28 18.09 90.46 152 0.59 100 
Imp. 54 2.62 684.27 684.34 685.91 684.84 16.71 83.54 155 0.54 91 
Imp. 62 2.59 723.18 731.09 726.91 727.06 18.84 94.19 152 0.62 105 
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Appendix E-2: 0.49μm, Impactor 70 and 78 
Run 1: RH=85.47%; T=64.76℉; DP=60.29℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 663.97 662.63 665.86 664.15 15.66 78.31 154 0.51 100 
Imp. 70 2.62 640.50 663.70 630.85 645.02 14.70 73.48 157 0.47 92 
Imp. 78 2.56 657.03 663.97 655.45 658.82 15.39 76.97 154 0.50 98 
 
Run 2: RH=85.31%; T=64.94℉; DP=60.4℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 613.22 611.09 619.63 614.65 13.16 65.82 154 0.43 100 
Imp. 70 2.62 613.28 611.39 611.54 612.07 13.03 65.17 157 0.41 97 
Imp. 78 2.56 638.18 641.16 646.13 641.82 14.54 72.68 154 0.47 110 
 
Run 3: RH=84.22%; T=65.38℉; DP=60.51℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 661.71 659.42 661 660.71 15.49 77.44 154 0.50 100 
Imp. 70 2.62 691.36 687.94 687.37 688.89 16.91 84.56 157 0.54 107 
Imp. 78 2.56 635.55 635.8 635.37 635.57 14.22 71.10 154 0.46 92 
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Run 4: RH=82.92%; T=65.66℉; DP=60.31℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 732.6 730.91 730.37 731.29 19.05 95.26 154 0.62 100 
Imp. 70 2.62 739.15 727.46 736.51 734.37 19.21 96.04 157 0.61 99 
Imp. 78 2.56 757.08 758.29 759.52 758.30 20.42 102.08 154 0.66 107 
 
Run 5: RH=82.62%; T=65.78℉; DP=60.32℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 729.62 724.3 715.55 723.16 18.64 93.21 154 0.61 100 
Imp. 70 2.62 760.45 755.93 758.50 758.29 20.42 102.08 157 0.65 107 
Imp. 78 2.56 723.85 729.22 720.52 724.53 18.71 93.56 154 0.61 100 
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APPENDIX F 
ORIGINAL RECORDED DATA FOR PARTICLES OF 1.0 MICROMETERS 
 
Appendix F-1: 1μm, Impactor 54(I), 54(II), and 62 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 211.98 219.87 217.5 216.45 0.0377 0.1886 605 0.00031 100 
Imp. 54(I) 2.6 204.17 203.90 205.02 204.36 0.0314 0.1572 624 0.00025 81 
Imp. 54(II) 2.63 206.13 205.42 206.07 205.87 0.0322 0.1612 631 0.00026 82 
Imp. 62 2.55 208.85 212.88 212.33 211.35 0.0351 0.1754 612 0.00029 92 
 
Run 2: 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 255.82 255.96 253.02 254.93 0.0577 0.2886 605 0.00048 100 
Imp. 54(I) 2.6 236.70 237.05 237.78 237.18 0.0485 0.2425 624 0.00039 81 
Imp. 54(II) 2.63 233.18 233.28 234.09 233.52 0.0466 0.2330 631 0.00037 77 
Imp. 62 2.55 245.45 245.84 243.47 244.92 0.0525 0.2626 612 0.00043 90 
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Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 247.03 248.89 248.59 248.17 0.0542 0.2711 605 0.00045 100 
Imp. 54(I) 2.6 237.02 231.57 231.51 233.37 0.0465 0.2326 624 0.00037 83 
Imp. 54(II) 2.63 231.47 228.75 229.1 229.77 0.0447 0.2233 631 0.00035 79 
Imp. 62 2.55 239.61 239.98 239.51 239.70 0.0498 0.2491 612 0.00041 91 
 
Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 269.09 270.54 267.54 269.06 0.0651 0.3253 605 0.00054 100 
Imp. 54(I) 2.6 250.80 248.83 250.28 249.97 0.0551 0.2757 624 0.00044 82 
Imp. 54(II) 2.63 250.48 251.66 245.27 249.14 0.0547 0.2736 631 0.00043 81 
Imp. 62 2.55 255.07 253.71 261.4 256.73 0.0587 0.2933 612 0.00048 89 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 288.29 287.66 291.04 289.00 0.0754 0.3771 605 0.00062 100 
Imp. 54(I) 2.6 262.93 259.59 260.97 261.16 0.0610 0.3048 624 0.00049 78 
Imp. 54(II) 2.63 273.35 263.6 273.63 270.19 0.0657 0.3283 631 0.00052 83 
Imp. 62 2.55 275.72 275.55 276.73 276.00 0.0687 0.3434 612 0.00056 90 
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Appendix F-2: 1μm, Impactor 70(I), 70(II), and 78 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 278.95 278.76 278.74 278.82 0.0701 0.3507 610 0.00058 100 
Imp. 70(I) 2.62 269.73 268.79 269.96 269.49 0.0653 0.3265 629 0.00052 90 
Imp. 70(II) 2.64 266.58 265.85 270.48 267.64 0.0643 0.3216 634 0.00051 88 
Imp. 78 2.57 278.35 279.83 276.95 278.38 0.0699 0.3495 617 0.00057 99 
 
Run 2: 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 241.72 240.57 240.03 240.77 0.0504 0.2518 610 0.00041 100 
Imp. 70(I) 2.62 234.46 233.54 233.44 233.81 0.0468 0.2338 629 0.00037 90 
Imp. 70(II) 2.64 236.85 235.27 238.51 236.88 0.0483 0.2417 634 0.00038 92 
Imp. 78 2.57 245.16 246.64 242.36 244.72 0.0524 0.2621 617 0.00042 103 
 
Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 260.15 259.3 260 259.82 0.0603 0.3013 610 0.00049 100 
Imp. 70(I) 2.62 247.85 248.87 244.37 247.03 0.0536 0.2681 629 0.00043 86 
Imp. 70(II) 2.64 247.56 246.98 247.4 247.31 0.0538 0.2688 634 0.00042 86 
Imp. 78 2.57 260.72 259.34 259.97 260.01 0.0604 0.3018 617 0.00049 99 
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Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 261.65 263.31 262.61 262.52 0.0617 0.3084 610 0.00051 100 
Imp. 70(I) 2.62 249.13 253.26 248.11 250.17 0.0552 0.2762 629 0.00044 87 
Imp. 70(II) 2.64 247.29 249.21 248.28 248.26 0.0543 0.2713 634 0.00043 85 
Imp. 78 2.57 255.58 257.52 256.39 256.50 0.0585 0.2927 617 0.00047 94 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 243.53 239.84 243.38 242.25 0.0511 0.2557 610 0.00042 100 
Imp. 70(I) 2.62 230.76 231.53 235.32 232.54 0.0461 0.2304 629 0.00037 87 
Imp. 70(II) 2.64 230.34 231.72 234.25 232.10 0.0459 0.2293 634 0.00036 86 
Imp. 78 2.57 243.78 245.07 243.15 244.00 0.0520 0.2602 617 0.00042 101 
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Appendix F-3: 1μm, Impactor 85(I), 85(II), 93(I), and 93(II) 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 272.82 268.67 270.31 270.60 0.0659 0.3293 614 0.00054 100 
Imp. 85(I) 2.63 259.99 259.90 262.31 260.73 0.0607 0.3037 631 0.00048 90 
Imp. 85(II) 2.69 263.83 262.46 262.58 262.96 0.0619 0.3095 646 0.00048 89 
Imp. 93(I) 2.56 277.68 280.09 280.03 279.27 0.0704 0.3519 614 0.00057 107 
Imp. 93(II) 2.6 265.35 266.8 265.61 265.92 0.0634 0.3172 624 0.00051 95 
 
Run 2:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 221.77 222.06 220.88 221.57 0.0404 0.2019 614 0.00033 100 
Imp. 85(I) 2.63 215.16 213.42 219.64 216.07 0.0375 0.1877 631 0.00030 90 
Imp. 85(II) 2.69 223.42 221.85 215.57 220.28 0.0397 0.1986 646 0.00031 94 
Imp. 93(I) 2.56 220.93 221.68 222.94 221.85 0.0405 0.2027 614 0.00033 100 
Imp. 93(II) 2.6 218.39 219.24 217.43 218.35 0.0387 0.1936 624 0.00031 94 
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Run 3: RH=86.07%; T=61.94℉; DP=57.68℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 220.23 213.92 225.65 219.93 0.0395 0.1977 614 0.00032 100 
Imp. 85(I) 2.63 215.25 217.01 212.98 215.08 0.0370 0.1851 631 0.00029 91 
Imp. 85(II) 2.69 217.4 225 225.16 222.52 0.0409 0.2044 646 0.00032 98 
Imp. 93(I) 2.56 215.78 216.37 214.02 215.39 0.0372 0.1859 614 0.00030 94 
Imp. 93(II) 2.6 225.02 220.06 226.69 223.92 0.0416 0.2081 624 0.00033 104 
 
Run 4: RH=77.00%; T=67.48℉; DP=59.74℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 238.01 241.61 241 240.21 0.0501 0.2504 614 0.00041 100 
Imp. 85(I) 2.63 235.28 236.75 235.22 235.75 0.0478 0.2388 631 0.00038 93 
Imp. 85(II) 2.69 233.06 235.26 235.94 234.75 0.0472 0.2362 646 0.00037 90 
Imp. 93(I) 2.56 242.73 242.7 242.59 242.67 0.0514 0.2568 614 0.00042 103 
Imp. 93(II) 2.6 238.86 237 238.43 238.10 0.0490 0.2449 624 0.00039 96 
 
Run 5: RH=81.64%; T=64.27℉; DP=58.25℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 240.19 245.15 242.02 242.45 0.0512 0.2562 614 0.00042 100 
Imp. 85(I) 2.63 239.23 235.09 237.57 237.30 0.0486 0.2428 631 0.00038 92 
Imp. 85(II) 2.69 236.48 239.6 237.41 237.83 0.0488 0.2442 646 0.00038 91 
Imp. 93(I) 2.56 240.7 243.73 245.86 243.43 0.0517 0.2587 614 0.00042 101 
Imp. 93(II) 2.6 236.16 237.4 234.79 236.12 0.0479 0.2397 624 0.00038 92 
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APPENDIX G 
ORIGINAL RECORDED DATA FOR PARTICLES OF 2.1 MICROMETERS 
 
Appendix G-1: 2.1μm, Impactor 54(I), 54(II), and 62 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 495.54 494.08 494.5 494.71 7.11 71.08 227 0.31 100 
Imp. 54(I) 2.63 396.76 396.12 396.13 396.34 2.14 21.41 237 0.09 29 
Imp. 54(II) 2.6 383.99 382.54 382.81 383.11 1.47 14.74 234 0.06 20 
Imp. 62 2.55 409.57 409.58 409.47 409.54 2.81 28.08 230 0.12 39 
 
Run 2: 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 493.69 496.85 496.48 495.67 7.16 71.57 227 0.32 100 
Imp. 54(I) 2.6 394.62 393.30 392.09 393.34 1.99 19.90 234 0.09 27 
Imp. 54(II) 2.63 394.47 397.98 399.96 397.47 2.20 21.99 237 0.09 29 
Imp. 62 2.55 400.08 407.89 408.18 405.38 2.60 25.98 230 0.11 36 
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Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 510.36 511.93 511 511.10 7.94 79.35 227 0.35 100 
Imp. 54(I) 2.6 399.46 399.06 399.99 399.50 2.30 23.01 234 0.10 28 
Imp. 54(II) 2.63 400.56 402.95 403.23 402.25 2.44 24.40 237 0.10 29 
Imp. 62 2.55 409.51 405.06 414.67 409.75 2.82 28.19 230 0.12 35 
 
Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 523.83 526.47 526.92 525.74 8.67 86.75 227 0.38 100 
Imp. 54(I) 2.6 397.76 397.52 393.99 396.42 2.15 21.46 234 0.09 24 
Imp. 54(II) 2.63 402.4 403.31 400.32 402.01 2.43 24.28 237 0.10 27 
Imp. 62 2.55 413.21 408.07 406.46 409.25 2.79 27.93 230 0.12 32 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 517.73 529.06 527.16 524.65 8.62 86.20 227 0.38 100 
Imp. 54(I) 2.6 395.96 393.40 394.07 394.48 2.05 20.48 234 0.09 23 
Imp. 54(II) 2.63 397.89 399.52 397.45 398.29 2.24 22.40 237 0.09 25 
Imp. 62 2.55 408.99 411.4 410.97 410.45 2.85 28.54 230 0.12 33 
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Appendix G-2: 2.1μm, Impactor 70(I), 70(II), and 78 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 509.8 508.41 505.99 508.07 7.78 77.82 229 0.34 100 
Imp. 70(I) 2.62 440.47 437.22 437.12 438.27 4.26 42.59 236 0.18 53 
Imp. 70(II) 2.64 437.51 444.83 441.56 441.30 4.41 44.12 238 0.19 55 
Imp. 78 2.57 471.26 472.36 471.23 471.62 5.94 59.42 231 0.26 75 
 
Run 2: 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 528.75 527.09 529.42 528.42 8.81 88.10 229 0.39 100 
Imp. 70(I) 2.62 449.18 448.89 449.04 449.04 4.80 48.02 236 0.20 53 
Imp. 70(II) 2.64 453.2 459.53 451.21 454.65 5.09 50.85 238 0.21 56 
Imp. 78 2.57 480.73 483.37 483.51 482.54 6.49 64.93 231 0.28 73 
 
Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 548.42 544.7 541.72 544.95 9.64 96.44 229 0.42 100 
Imp. 70(I) 2.62 453.09 450.55 449.61 451.08 4.91 49.06 236 0.21 49 
Imp. 70(II) 2.64 454.73 467.44 455.35 459.17 5.31 53.14 238 0.22 53 
Imp. 78 2.57 501.52 501.54 514.32 505.79 7.67 76.68 231 0.33 79 
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Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 496.03 502.99 502.44 500.49 7.40 74.00 229 0.32 100 
Imp. 70(I) 2.62 436.39 431.35 430.14 432.63 3.97 39.74 236 0.17 52 
Imp. 70(II) 2.64 438.31 436.91 437.65 437.62 4.23 42.26 238 0.18 55 
Imp. 78 2.57 464.6 466.52 465.91 465.68 5.64 56.42 231 0.24 75 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 469.93 458.97 459.09 462.66 5.49 54.90 229 0.24 100 
Imp. 70(I) 2.62 417.75 417.20 424.58 419.84 3.33 33.28 236 0.14 59 
Imp. 70(II) 2.64 410.88 407.83 413.52 410.74 2.87 28.69 238 0.12 50 
Imp. 78 2.57 440.45 442.17 433.57 438.73 4.28 42.82 231 0.19 77 
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Appendix G-3: 2.1μm, Impactor 85(I), 85(II), 93(I), and 93(II) 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 470.83 469.26 471.67 470.59 5.89 58.90 228 0.26 100 
Imp. 85(I) 2.65 452.02 452.61 450.25 451.63 4.93 49.33 239 0.21 80 
Imp. 85(II) 2.7 443.71 443.33 446.8 444.61 4.58 45.79 243 0.19 73 
Imp. 93(I) 2.57 443.17 444.78 445.57 444.51 4.57 45.73 231 0.20 76 
Imp. 93(II) 2.63 447.32 447.92 441.33 445.52 4.62 46.25 237 0.20 76 
 
Run 2:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 474.01 473.08 475.72 474.27 6.08 60.76 228 0.27 100 
Imp. 85(I) 2.65 464.71 441.63 441.42 449.25 4.81 48.13 239 0.20 76 
Imp. 85(II) 2.7 463.59 462.02 457.38 461.00 5.41 54.06 243 0.22 83 
Imp. 93(I) 2.57 454.81 458.9 453.42 455.71 5.14 51.39 231 0.22 83 
Imp. 93(II) 2.63 456.54 456.33 453.03 455.30 5.12 51.18 237 0.22 81 
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Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 525.51 523.09 523.88 524.16 8.59 85.95 228 0.38 100 
Imp. 85(I) 2.65 498.05 498.48 489.59 495.37 7.14 71.42 239 0.30 79 
Imp. 85(II) 2.7 496.65 495.8 494.2 495.55 7.15 71.51 243 0.29 78 
Imp. 93(I) 2.57 499.84 498.39 499.25 499.16 7.33 73.33 231 0.32 84 
Imp. 93(II) 2.63 488.64 502.86 494.23 495.24 7.14 71.35 237 0.30 80 
 
Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 516.96 523.12 520.87 520.32 8.40 84.01 228 0.37 100 
Imp. 85(I) 2.65 483.54 499.89 481.97 488.47 6.79 67.93 239 0.28 77 
Imp. 85(II) 2.7 493.7 496.8 492.88 494.46 7.10 70.95 243 0.29 79 
Imp. 93(I) 2.57 488.04 490.68 491.24 489.99 6.87 68.70 231 0.30 80 
Imp. 93(II) 2.63 492.7 494.64 490.36 492.57 7.00 70.00 237 0.30 80 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 517.41 518.82 514.95 517.06 8.24 82.36 228 0.36 100 
Imp. 85(I) 2.65 503.40 497.21 500.89 500.50 7.40 74.00 239 0.31 86 
Imp. 85(II) 2.7 486.59 488.23 487.48 487.43 6.74 67.41 243 0.28 77 
Imp. 93(I) 2.57 496.96 494.61 494.58 495.38 7.14 71.42 231 0.31 85 
Imp. 93(II) 2.63 500.81 502.91 500.39 501.37 7.44 74.44 237 0.31 87 
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APPENDIX H 
ORIGINAL RECORDED DATA FOR PARTICLES OF 2.9 MICROMETERS 
 
Appendix H-1: 2.9μm, Impactor 54(I), 54(II), and 62 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 92.7 90.56 93.2 92.15 0.0832 0.4159 907 0.00046 100 
Imp. 54(I) 2.6 76.95 78.56 77.09 77.53 0.0103 0.0514 936 0.00005 12 
Imp. 54(II) 2.63 77.84 76.77 77.61 77.41 0.0097 0.0483 947 0.00005 11 
Imp. 62 2.55 78.69 76.73 79.13 78.18 0.0135 0.0676 918 0.00007 16 
 
Run 2: 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 96.89 96.4 95.19 96.16 0.1032 0.5158 907 0.00057 100 
Imp. 54(I) 2.6 76.84 77.07 77.31 77.07 0.0080 0.0399 936 0.00004 8 
Imp. 54(II) 2.63 76.84 76.84 76.37 76.68 0.0060 0.0302 947 0.00003 6 
Imp. 62 2.55 77.84 76.1 78.04 77.33 0.0093 0.0463 918 0.00005 9 
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Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 95.1 94.81 95.51 95.14 0.0981 0.4903 907 0.00054 100 
Imp. 54(I) 2.6 77.65 77.83 77.22 77.57 0.0104 0.0522 936 0.00006 10 
Imp. 54(II) 2.63 76.51 76.03 77.81 76.78 0.0065 0.0327 947 0.00003 6 
Imp. 62 2.55 78.4 78.32 77.84 78.19 0.0135 0.0677 918 0.00007 14 
 
Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 91.48 91.02 91.34 91.28 0.0788 0.3941 907 0.00043 100 
Imp. 54(I) 2.6 75.96 77.38 77.29 76.88 0.0070 0.0350 936 0.00004 9 
Imp. 54(II) 2.63 77.57 77.71 76.41 77.23 0.0088 0.0439 947 0.00005 11 
Imp. 62 2.55 78.78 76.76 76.6 77.38 0.0095 0.0476 918 0.00005 12 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 90.02 91.7 91.85 91.19 0.0784 0.3919 907 0.00043 100 
Imp. 54(I) 2.6 76.46 76.67 76.82 76.65 0.0059 0.0294 936 0.00003 7 
Imp. 54(II) 2.63 77.33 76.78 76.94 77.02 0.0077 0.0385 947 0.00004 9 
Imp. 62 2.55 76.29 76.89 78.42 77.20 0.0086 0.0431 918 0.00005 11 
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Appendix H-2: 2.9μm, Impactor 70(I), 70(II), and 78 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 91.93 91.75 91.27 91.65 0.0807 0.4033 914 0.00044 100 
Imp. 70(I) 2.62 77.69 77.47 77.16 77.44 0.0098 0.0491 943 0.00005 12 
Imp. 70(II) 2.64 77.32 77.5 77.35 77.39 0.0096 0.0478 950 0.00005 11 
Imp. 78 2.57 77.92 78.4 77.57 77.96 0.0124 0.0621 925 0.00007 15 
 
Run 2: 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 91.82 90.55 91.22 91.20 0.0784 0.3920 914 0.00043 100 
Imp. 70(I) 2.62 78.07 78.28 78.53 78.29 0.0141 0.0704 943 0.00007 17 
Imp. 70(II) 2.64 77.04 77.41 77.54 77.33 0.0093 0.0463 950 0.00005 11 
Imp. 78 2.57 78.48 78.3 78.84 78.54 0.0153 0.0765 925 0.00008 19 
 
Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 96.53 96.78 95.48 96.26 0.1037 0.5183 914 0.00057 100 
Imp. 70(I) 2.62 78.55 78.40 78.85 78.60 0.0156 0.0780 943 0.00008 15 
Imp. 70(II) 2.64 78.54 77.95 76.93 77.81 0.0116 0.0582 950 0.00006 11 
Imp. 78 2.57 78.23 78.25 78.44 78.31 0.0141 0.0707 925 0.00008 13 
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Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 93.48 93.4 92.04 92.97 0.0873 0.4363 914 0.00048 100 
Imp. 70(I) 2.62 78.44 77.08 76.64 77.39 0.0096 0.0478 943 0.00005 11 
Imp. 70(II) 2.64 76.75 78.37 78.06 77.73 0.0112 0.0562 950 0.00006 12 
Imp. 78 2.57 79.29 78.27 77.66 78.41 0.0146 0.0732 925 0.00008 17 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 90.78 90.37 91.66 90.94 0.0771 0.3855 914 0.00042 100 
Imp. 70(I) 2.62 76.42 77.05 77.80 77.09 0.0081 0.0404 943 0.00004 10 
Imp. 70(II) 2.64 77.17 76.96 77.19 77.11 0.0082 0.0408 950 0.00004 10 
Imp. 78 2.57 77.67 77.57 77.56 77.60 0.0106 0.0531 925 0.00006 14 
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Appendix H-3: 2.9μm, Impactor 85(I), 85(II), 93(I), and 93(II) 
Run 1:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 90.84 89.08 88.67 89.53 0.0701 0.3505 911 0.00038 100 
Imp. 85(I) 2.65 78.88 77.28 78.02 78.06 0.0129 0.0645 954 0.00007 18 
Imp. 85(II) 2.7 77.97 78.73 77.6 78.10 0.0131 0.0655 972 0.00007 18 
Imp. 93(I) 2.57 88.11 87.46 88.43 88.00 0.0625 0.3123 925 0.00034 88 
Imp. 93(II) 2.63 88.37 88.59 87.84 88.27 0.0638 0.3190 947 0.00034 88 
 
Run 2:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 90.72 90.32 91.44 90.83 0.0766 0.3828 911 0.00042 100 
Imp. 85(I) 2.65 77.58 78.22 78.00 77.93 0.0123 0.0614 954 0.00006 15 
Imp. 85(II) 2.7 78.65 78.19 77.19 78.01 0.0127 0.0633 972 0.00007 15 
Imp. 93(I) 2.57 89.14 88.99 88.84 88.99 0.0674 0.3370 925 0.00036 87 
Imp. 93(II) 2.63 89.68 89.63 89.19 89.50 0.0699 0.3497 947 0.00037 88 
 
 
 
 
 
 
101 
Run 3:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 95.07 95.76 95.98 95.60 0.1004 0.5019 911 0.00055 100 
Imp. 85(I) 2.65 81.12 80.61 80.17 80.63 0.0257 0.1287 954 0.00013 24 
Imp. 85(II) 2.7 80.93 79.08 79.35 79.79 0.0215 0.1076 972 0.00011 20 
Imp. 93(I) 2.57 93.55 93.02 92.24 92.94 0.0871 0.4354 925 0.00047 85 
Imp. 93(II) 2.63 93.77 91.95 91.93 92.55 0.0852 0.4258 947 0.00045 82 
 
Run 4:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 90.89 91.94 89.49 90.77 0.0763 0.3815 911 0.00042 100 
Imp. 85(I) 2.65 77.32 79.19 79.85 78.79 0.0165 0.0827 954 0.00009 21 
Imp. 85(II) 2.7 78.99 78.67 79.21 78.96 0.0174 0.0869 972 0.00009 21 
Imp. 93(I) 2.57 87.46 87.8 91.04 88.77 0.0663 0.3314 925 0.00036 86 
Imp. 93(II) 2.63 88.6 89.47 88.92 89.00 0.0674 0.3372 947 0.00036 85 
 
Run 5:  
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.53 91.04 93.44 93.85 92.78 0.0863 0.4314 911 0.00047 100 
Imp. 85(I) 2.65 78.74 78.01 78.66 78.47 0.0150 0.0748 954 0.00008 17 
Imp. 85(II) 2.7 78.65 78.47 78.53 78.55 0.0154 0.0768 972 0.00008 17 
Imp. 93(I) 2.57 89.87 88.71 92.31 90.30 0.0739 0.3696 925 0.00040 84 
Imp. 93(II) 2.63 89.26 89.92 89.2 89.46 0.0697 0.3487 947 0.00037 78 
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APPENDIX I 
ORIGINAL RECORDED DATA FOR PARTICLES OF 6 MICROMETERS 
 
Appendix I-1: 6μm, Impactor 54(I), 54(II), and 62 
Run 1: RH=77.01%; T=63.83℉; DP=56.46℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 506.6 507.99 505.67 506.75 0.19 0.94 76 0.01 100 
Imp. 54(I) 2.6 133.80 134.36 138.29 135.48 0.00 -0.02 78 0.00 -2 
Imp. 54(II) 2.63 138.67 138.77 147.14 141.53 0.00 -0.01 79 0.00 -1 
Imp. 62 2.55 138.93 142.58 140.37 140.63 0.00 -0.01 77 0.00 -1 
 
Run 2: RH=76.02%; T=64.35℉; DP=56.57℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 406.28 407.8 407.96 407.35 0.14 0.68 76 0.01 100 
Imp. 54(I) 2.6 140.26 140.65 136.20 139.04 0.00 -0.01 78 0.00 -2 
Imp. 54(II) 2.63 143.05 140.37 140.64 141.35 0.00 -0.01 79 0.00 -1 
Imp. 62 2.55 139.38 143.1 141.16 141.21 0.00 -0.01 77 0.00 -1 
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Run 3: RH=76.02%; T=64.48℉; DP=56.76℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 415.3 415.07 416.46 415.61 0.14 0.71 76 0.01 100 
Imp. 54(I) 2.6 137.56 137.05 142.69 139.10 0.00 -0.01 78 0.00 -2 
Imp. 54(II) 2.63 137.78 139.24 136.13 137.72 0.00 -0.02 79 0.00 -2 
Imp. 62 2.55 142.09 145.63 141.03 142.92 0.00 0.00 77 0.00 0 
 
Run 4: RH=74.46%; T=64.47℉; DP=56.16℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 395.34 396.78 402.32 398.15 0.13 0.66 76 0.01 100 
Imp. 54(I) 2.6 139.01 137.34 139.97 138.77 0.00 -0.01 78 0.00 -2 
Imp. 54(II) 2.63 143.85 144.59 144.21 144.22 0.00 0.00 79 0.00 0 
Imp. 62 2.55 139.51 143.03 140.49 141.01 0.00 -0.01 77 0.00 -1 
 
Run 5: RH=74.32%; T=64.78℉; DP=56.35℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.52 419.46 414.11 412.7 415.42 0.14 0.71 76 0.01 100 
Imp. 54(I) 2.6 146.35 146.52 144.42 145.76 0.00 0.00 78 0.00 1 
Imp. 54(II) 2.63 145.89 143.28 144.5 144.56 0.00 0.00 79 0.00 0 
Imp. 62 2.55 152.25 152.06 150.98 151.76 0.00 0.02 77 0.00 3 
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Appendix I-2: 6μm, Impactor 70(I), 70(II), and 78 
Run 1: RH=74.86%; T=64.49℉; DP=56.26℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 872.82 871.36 875.69 873.29 0.38 1.90 152 0.01 100 
Imp. 70(I) 2.62 154.98 150.57 151.47 152.34 0.00 0.02 157 0.00 1 
Imp. 70(II) 2.64 158.54 152.17 156.13 155.61 0.01 0.03 158 0.00 2 
Imp. 78 2.57 154.64 151.43 149.76 151.94 0.00 0.02 154 0.00 1 
 
Run 2: RH=73.39%; T=65.76℉; DP=57.01℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 392.94 393 392.38 392.77 0.13 0.65 76 0.01 100 
Imp. 70(I) 2.62 149.28 150.04 149.46 149.59 0.00 0.01 79 0.00 2 
Imp. 70(II) 2.64 149.47 147.78 149.09 148.78 0.00 0.01 79 0.00 2 
Imp. 78 2.57 148.89 145.98 143.88 146.25 0.00 0.01 77 0.00 1 
 
Run 3: RH=71.44%; T=65.44℉; DP=55.96℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 449.69 451.48 452.33 451.17 0.16 0.80 76 0.01 100 
Imp. 70(I) 2.62 148.14 149.60 148.75 148.83 0.00 0.01 79 0.00 2 
Imp. 70(II) 2.64 147.46 148.72 147.85 148.01 0.00 0.01 79 0.00 1 
Imp. 78 2.57 149.21 149.79 149.99 149.66 0.00 0.02 77 0.00 2 
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Run 4: RH=71.89%; T=65.26℉; DP=55.96℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 483.57 485.71 481.77 483.68 0.18 0.88 76 0.01 100 
Imp. 70(I) 2.62 148.61 149.65 149.24 149.17 0.00 0.01 79 0.00 2 
Imp. 70(II) 2.64 147.17 147.56 148.49 147.74 0.00 0.01 79 0.00 1 
Imp. 78 2.57 152.15 154.28 154.11 153.51 0.01 0.03 77 0.00 3 
 
Run 5: RH=71.98%; T=65.43℉; DP=56.14℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.54 452.96 456.39 455.04 454.80 0.16 0.81 76 0.01 100 
Imp. 70(I) 2.62 149.10 144.22 148.50 147.27 0.00 0.01 79 0.00 1 
Imp. 70(II) 2.64 147.57 148.71 150.56 148.95 0.00 0.01 79 0.00 2 
Imp. 78 2.57 153.38 150.19 151.26 151.61 0.00 0.02 77 0.00 2 
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Appendix I-3: 6μm, Impactor 85(I), 85(II), 93(I), and 93(II) 
Run 1: RH=69.83%; T=67.38℉; DP=57.17℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 763.34 772.54 768.34 768.07 0.32 1.62 154 0.01 100 
Imp. 85(I) 2.63 148.86 150.45 152.83 150.71 0.00 0.02 158 0.00 1 
Imp. 85(II) 2.69 151.04 151.39 152.87 151.77 0.00 0.02 161 0.00 1 
Imp. 93(I) 2.56 159.75 153.42 145.59 152.92 0.00 0.02 154 0.00 1 
Imp. 93(II) 2.6 155.45 155.56 149.43 153.48 0.01 0.03 156 0.00 2 
 
Run 2: RH=79.9%; T=62.53℉; DP=56.23℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 564.92 559.01 560.72 561.55 0.22 1.09 154 0.01 100 
Imp. 85(I) 2.63 140.34 145.43 138.57 141.45 0.00 -0.01 158 0.00 -1 
Imp. 85(II) 2.69 144.42 144.3 140.96 143.23 0.00 0.00 161 0.00 0 
Imp. 93(I) 2.56 146.93 144.9 147.11 146.31 0.00 0.01 154 0.00 1 
Imp. 93(II) 2.6 143.42 145.7 140.12 143.08 0.00 0.00 156 0.00 0 
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Run 3: RH=77.22%; T=63.56℉; DP=56.28℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 934.78 933.74 934.35 934.29 0.41 2.05 154 0.01 100 
Imp. 85(I) 2.63 137.04 139.40 138.80 138.41 0.00 -0.01 158 0.00 -1 
Imp. 85(II) 2.69 137.51 140.59 138.12 138.74 0.00 -0.01 161 0.00 -1 
Imp. 93(I) 2.56 141.11 142.32 137.81 140.41 0.00 -0.01 154 0.00 0 
Imp. 93(II) 2.6 144.35 143.44 142.39 143.39 0.00 0.00 156 0.00 0 
 
Run 4: RH=76.6%; T=63.95℉; DP=56.44℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 743.44 746.64 743.18 744.42 0.31 1.56 154 0.01 100 
Imp. 85(I) 2.63 139.90 142.99 140.54 141.14 0.00 -0.01 158 0.00 0 
Imp. 85(II) 2.69 143.41 140.66 146.28 143.45 0.00 0.00 161 0.00 0 
Imp. 93(I) 2.56 144.61 141.05 147.8 144.49 0.00 0.00 154 0.00 0 
Imp. 93(II) 2.6 140.25 150.36 154.56 148.39 0.00 0.01 156 0.00 1 
 
Run 5: RH=76.01%; T=64.22℉; DP=56.48℉ 
Sampler Flow rate Measurements, FSU AVG. Ana. Con. Weight Volume Samp. Con. Pene. 
  lpm #1 #2 #3 FSU μg/ml μg L μg/l % 
T.D. 2.56 870.51 875.7 879.02 875.08 0.38 1.90 154 0.01 100 
Imp. 85(I) 2.63 146.61 146.50 146.23 146.45 0.00 0.01 158 0.00 0 
Imp. 85(II) 2.69 149.61 146.5 147.13 147.75 0.00 0.01 161 0.00 1 
Imp. 93(I) 2.56 150.21 151.16 148.63 150.00 0.00 0.02 154 0.00 1 
Imp. 93(II) 2.6 149.49 147.01 147.67 148.06 0.00 0.01 156 0.00 1 
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APPENDIX J 
PENETRATION AFTER ADJUSTMENT WITH 0.5LOD* 
 
Particle size 
  
Impactor No. 
54 (I) 54 (II) 62 70 (I) 70 (II) 78 85 (I) 85 (II) 93 (I) 93 (II) 
  Run #1 95 NA* 100 97 NA 98 NA NA NA  NA 
  Run #2 92 NA 100 100 NA 100 NA NA NA  NA 
0.49 μm Run #3 94 NA 100 100 NA 92 NA NA NA  NA 
  Run #4 92 NA 100 100 NA 100 NA NA NA  NA 
  Run #5 91 NA 100 99 NA 100 NA NA NA  NA 
  Run #1 81 82 92 90 88 99 90 89 100 95 
  Run #2 81 77 90 90 92 100 90 93 100 94 
1 μm Run #3 83 79 91 86 86 99 91 98 94 100 
  Run #4 82 81 89 87 85 94 93 90 100 96 
  Run #5 78 83 90 87 86 100 92 91 100 92 
  Run #1 29 20 39 53 55 76 80 73 77 76 
  Run #2 27 30 36 53 56 73 76 83 83 81 
2.1 μm Run #3 28 30 35 49 53 79 79 78 84 80 
  Run #4 24 27 32 52 55 76 77 79 81 80 
  Run #5 23 25 33 59 50 77 86 77 86 87 
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APPENDIX J (CONTINUED) 
 
Particle size 
  
Impactor No. 
54 (I) 54 (II) 62 70 (I) 70 (II) 78 85 (I) 85 (II) 93 (I) 93 (II) 
  Run #1 7 7 10 7 7 9 10 10 22 31 
  Run #2 6 6 6 11 7 13 9 9 26 41 
2.9 μm Run #3 6 6 8 10 6 8 20 15 31 61 
  Run #4 7 7 8 7 7 11 14 15 18 35 
  Run #5 7 7 8 8 8 8 11 11 29 38 
  Run #1 2 2 2 1 2 1 1 1 1 2 
  Run #2 3 3 3 3 3 4 2 2 2 2 
6 μm Run #3 3 3 3 3 3 3 1 1 1 1 
  Run #4 3 3 3 3 3 3 1 1 1 1 
  Run #5 3 3 3 3 3 3 1 1 1 1 
NA: Experiment data is not available.  
0.5LOD(red) =4.59 ng/ml;  
0.5LOD(blue) =0.35 ng/ml;  
0.5LOD (green) =4.43 ng/ml. 
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APPENDIX K 
COLLECTION EFFICIENCY OF IMPACTORS 
 
Particle size 
  
Impactor No. 
54 (I) 54 (II) 62 70 (I) 70 (II) 78 85 (I) 85 (II) 93 (I) 93 (II) 
  Run #1 5 NA* 0 3 NA 2 NA NA NA  NA 
  Run #2 8 NA 0 0 NA 0 NA NA NA  NA 
0.49 μm Run #3 6 NA 0 0 NA 8 NA NA NA  NA 
  Run #4 8 NA 0 0 NA 0 NA NA NA  NA 
  Run #5 9 NA 0 1 NA 0 NA NA NA  NA 
  Run #1 19 18 8 10 12 1 10 11 0 5 
  Run #2 19 23 10 10 8 0 10 7 0 6 
1 μm Run #3 17 21 9 14 14 1 9 2 6 0 
  Run #4 18 19 11 13 15 6 7 10 0 4 
  Run #5 22 17 10 13 14 0 8 9 0 8 
  Run #1 71 80 61 47 45 24 20 27 23 24 
  Run #2 73 70 64 47 44 27 24 17 17 19 
2.1 μm Run #3 72 70 65 51 47 21 21 22 16 20 
  Run #4 76 73 68 48 45 24 23 21 19 20 
  Run #5 77 75 67 41 50 23 14 23 14 13 
 
 
111 
APPENDIX K (CONTINUED) 
 
Particle size 
  
Impactor No. 
54 (I) 54 (II) 62 70 (I) 70 (II) 78 85 (I) 85 (II) 93 (I) 93 (II) 
  Run #1 93 93 90 93 93 91 90 90 78 69 
  Run #2 94 94 94 89 93 87 91 91 74 59 
2.9 μm Run #3 94 94 92 90 94 92 80 85 69 39 
  Run #4 93 93 92 93 93 89 86 85 82 65 
  Run #5 93 93 92 92 92 92 89 89 71 62 
  Run #1 98 98 98 99 98 99 99 99 99 98 
  Run #2 97 97 97 97 97 96 98 98 98 98 
6 μm Run #3 97 97 97 97 97 97 99 99 99 99 
  Run #4 97 97 97 97 97 97 99 99 99 99 
  Run #5 97 97 97 97 97 97 99 99 99 99 
 NA: Experiment data is not available. 
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APPENDIX L 
PERMISSIONS FOR REPRINTED FIGURES 
 
Appendix L-1: Permission for Figure 1.1 
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Appendix L-2: Permission for Figure 2.4 
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Appendix L-3: Permission for Figure 2.5 
 
 
 
 
 
 
121 
 
